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An  integrated  analytical  and  experimental  program  wan  conducted  to  analyte 
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effects.  Analytical  models  to  represent  ball  and  roller  bearing  operation  were 
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and  vis cc  u  drag  effects. 

Program  objectives  were  conducted  in  two  phases.  The  first  phase  was  to 
analyze  the  forces  and  the  lubrication  conditions  that  exist  between  the  rolling 
clement  and  retainer  pockets  when  the  bearing  is  operating  at  high-load  and 
high-speed  conditions.  Once  completed,  the  derived  analysis  was  incorporated 
into  an  iterative  computer  program  to  produce  bearing  solutions  for  arbitrary 
load  and  speed  conditions 

The  second  phase  of  the  program  was  to  conduct  an  experimental  teot  program 
to  validate  the  computer  analysis.  Bearing  performance  was  investigated  over 
a  wide  range  of  loads,  speeds,  and  lubrication  conditions.  Also,  data  were 
acquired  on  ball  bearings  uubjected  to  retainer  skid  at  high- speed,  low-load 
operating  conditions.  To  accomplish  the  test  program,  it  was  necessary  to 
modify  on  existing  teat  rig  and  to  design  special  instrumentation  for  acquisition 
of  the  desired  operating  data. 


VI#  insvmI^/J  aMAcat, 


W»m  AIIUV  IMS. 


Unclassified 

- -  in.JTji 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

U  3  b- j- '  f  C*—  s--:* 

>,-«  »  A  ’ll\  51 


rcvflty  C!*s«lfic»llo' 


U  department  OF  THE  AftMV 

MOBILITY  «Ha.YCH  A  OevCLOPMBNT  CABOflATOffy 
eUBTrg  Ol*«CTOAAT*  BO*ATO*Y 

(■out  *UWTI#,  VIROINIA  23<JO* 


«'  C°nduCteC  b>  **0  Lycoming 
vodc  was  performed  X  [C  SiL-^02'69-0'0080-  *« 

*•  «*»«»,  Propulsion  Division  J"?  “  °*  "*•  E. 

Arny  Air  Mobil! ty  Research  .ni'oe” ** 

exerted^the  UtmtoeZ ^fckct"”*  *°  anAlyze  the  fortes 
during  nigh- load,  high-speed  opera J°Uln|i  eIcn,ent:  bearings 
within  the  rolling-contact  areas  of  ****  **'“ 

Appropriate  technical  personnel  ,u  „ 

reviewed  this  report  a£d  concur  t  L  'I1’""  have 

herein,  '  wi£h  Lbc  conclusions  contained 


7  ask  1  G162203D14414 
•Contract  DAA J02- 69- C-0080 
USAAMRDL  Technical  Report  72-45 
November  1973 


ROLLING  ELEMENT  BEARING  RETAINER  ANALYSIS 


Final  Report 


Avco  Lycoming  Report  No.  105.  7.  10 


By 


Joseph  A.  Mauriello 
N'ormand  Lagasse 
A.  B,  J one  s 
William  Murray 


Preoared  by 

Avco  Lycoming  Division 
Stratford,  Connecticut 


for 


EUSTIS  DIR  EC  TO  <ATE 
U.  S.  ARMY  AIR  MOBILITY 
RESEA FCH  AND  DEVELOPMENT  LABORATORY 
FORT  EUSTIS,  VIRGINIA 


Approved  f c r  public  release;  distribution  unlimited. 

*  # 

II 


SUMMARY 


An  integrated  analytical  and  experimental  program  was  conducted  to 
analyze  the  operation  of  rolling  element  bearing  retainers  and  attendant 
lubrication  effects.  Analytical  models  to  represent  ball  and  roller 
bearing  operation  were  derived  with  regard  to  the  elastic  deflections 
at  the  rolling  element/ race  contacts,  tractive  forces  generated  at  the 
bearing  component  interaction  surfaces,  and  viscous  drag  effects. 

Program  objectives  were  conducted  in  two  phases.  The  first  phase  was 
to  analyze  the  forces  and  the  lubrication  conditions  that  exist  between 
the  rolling  element  and  retainer  pockets  when  the  bearing  is  operating 
at  high-load  and  high-speed  conditions.  Once  completed,  the  derived 
analysis  was  incorporated  into  an  iterative  computer  program  to 
produce  bearing  solutions  for  arbitrary  load  and  speed  conditions. 

The  second  phase  of  the  program  was  to  conduct  an  experimental  test 
program  to  validate  the  computer  analysis.  Bearing  performance  was 
investigated  over  a  wide  range  of  loads,  speeds,  and  lubrication  condi¬ 
tions.  Also,  data  were  acquired  on  ball  bearings  subjected  to  retainer 
skid  at  high-speed,  low-load  operating  conditions.  To  accomplish  the 
test  program,  it  was  necessary  to  modify  an  existing  test  rig  and  to 
design  special  instrumentation  for  acquicition  of  the  desired  operating 
data. 
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INTRODUCTION 


The  analyaia  of  rolling  element  bearing  systems,  which  had  earlier 
been  prohibitive  for  manual  calculation,  has  been  facilitated  by  the 
advent  of  digital  computers.  Bearing  systems  present  highly  redundant, 
nonlinear  mathematical  models  for  which  closed-form  solutions  are  not 
available.  Solutions  must  be  obtained  by  numerical  iterative  techniques. 

During  the  pa3t  ten  years,  many  computer  programs  for  bearing  analysis 
have  been  created  to  meet  the  varying  needs  of  industry.  The  best  known 
is  a  five-degree-of-f reedcm  program  derived  and  written  by  A.  B.  Jones/ 
This  program  forms  the  'oasis  of  most  of  the  computer  work  accomplished 
in  the  bearing  analysis  field,  and  is  extensively  used  throughout  the  aero¬ 
space  industry  for  the  design  and  analysis  of  high-speed  rolling  element 
bea  rings. 


The  program  uses  Newton- Raphs on  Iterative  techniques  to  solve  for 
equilibrium  of  the  individual  bearings  and  the  entire  bearing  system 
simultaneously  under  the  action  c*  applied  external  loads  while  consid¬ 
ering  high-speed  effects.  Solutions  are  arrived  at  by  systematically 
varying  the  shaft  deflections  until  the  integrated  reaction  forces  of  the 
rolling  elements  against  the  races  balance  the  applied  forces. 

This  analysis  for  ball  bearings,  howevei,  does  not  consider  the  forces 
acting  among  the  retainer,  the  rolling  elements,  and  the  piloting  surfaces 
of  the  bearings,  nor  does  it  account  for  the  tractive  forces  generated  at 
the  race  contact  areas.  Bearing  kinematics  are  established  by  constrain¬ 
ing  the  balls'  angular  velocity  vector  to  lie  in  a  radial  plane,  i  e.  ,  no  baU 
rotation  about  the  axis  dictated  by  the  ball  gyroscopic  moment.  Also, 
the  analysis  is  subject  to  the  race  control  hypothesis,  which  dictates  that 
the  ball  will  roll  without  spin  at  the  race  contact  (inner  or  outer)  that 
offers  the  greatest  resistance  to  spinning.  High-speed  bearings  with 
relatively  large  centrifugal  ball  loads  against  the  outer  race  would, 
therefore,  be  predominantly  outer  race  controlled.  'it>z  significance  of 
outer  and  inner  race  control  is  shown  geometrically  in  Figure  1  . 

A  race  control  assumption  was  imponed  in  the  previous  analysis  because 
a  ball  in  angular  contact  cannot  exhibit  pure  rolling  at  both  inner  and 
outer  race  contacts  simultaneously.  Therefore,  the  ball  must  have  a 


1 


INNER  RA“E  CONTROL 


spin  velocity  component  at  one  or  both  race  contacts  which  is  equivalent 
to  a  twisting  of  the  race  body  with  respect  to  the  ball  about  the  normal 
to  the  center  of  the  pressure  area.  Outer  race  control  is  considered  to  be 
advantageous  for  high-speed  bearings  because  it  results  in  minimum  ball 
gyroscopic  moments  and  maximum  stability.  It  does  have  the  disadvan¬ 
tage  of  placing  the  spin  velocity  component  at  the  inner  race  with  attendant 

heat  generation,  where  oil  cooling  is  most  difficult. 

Also  implicit  in  the  analysis  is  the  concept  that  all  friction  resistance  to 
the  gyroscopic  moment  is  generated  at  the  controlling  race  and  that 
tractive  slip  does  not  occur  at  any  of  the  race  contacts,  which,  of  course, 
results  in  analytical  solutions  predicated  upon  zero  retainer  slip.  The 
roller  bearing  analysis  used  is,  in  general,  subject  to  the  same  limitations 
as  those  described  for  the  ball  bearing  with  the  obvious  exception  of  the 
race  control  and  gyroscopic  considerations,  which  are  not  applicable  to 
rollers , 

Recent  work  conducted  by  Harris,  Pop lawski  and  Mauriello,  ^  Rones s,  ^ 
and  others  has  Indicated  that  some  of  the  assumptions  discussed  above 
and  incorporated  within  the  basic  Jones  analysis  are  only  approximately 
valid.  Specifically: 

1.  The  ball  angular  velocity  vector  in  an  angular  contact  ball 
bearing  does  not  lie  exclusively  in  a  radial  plane.  There  is 
an  argular  velocity  component  in  the  circumferential  direction. 

i.  The  raceway  control  hypothesis  is  not  applicable  to  all  modes 
of  bearing  operation. 

3.  Tractive  slip  does  occur  at  the  rolling  element  - to- race  contacts 
with  attendant  retainer  slippage. 

4.  Resistance  to  the  ball  gyroscopic  moment  is  no.  confined  ex¬ 
clusively  to  the  controlling  race. 

Some  of  these  weaknesses  have-  beer,  resolved  by  various  analysts  in 
special  compute r  models  treating  individual  bearings.  However,  some 
fundamental  problem  areas  have  yet  to  be  addressed,  most  notably  the 
thermal  effects  due  to  contact  area  3lip  upon  the  tractions  generated  in  an 
EHD  TTastohyd  rodynamic)  contact.  This  effect  is  of  the  utmost  importance 
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in  that  the  contact  area  traction  is  the  key  element  in  the  establishment 
of  the  ball  kinematics  and  thereby  the  entire  solution. 

The  task  undertaken  as  reported  herein  was  to  derive  a  new  mathematical 
model  for  ball  and  roller  bearings  that  is  general  and  is  not  subject  to 
the  assumptions  and  restrictions  described  above.  This  undertaking 
required  a  reformulation  of  the  existing  Jones  analytical  model  to  include 
the  following  salient  points: 

1.  EHD  tractive  forces  and  moments  in  the  contact  areas  account¬ 
ing  for  the  thermal  effects  accompanying  sliding 

2.  EHD  film  thickness  accounting  for  spin  as  well  as  rolling 
velocities  in  the  contact  areas 

3.  Bali  angular  velocity  in  three  degrees  of  freedom 

4.  Tractions  and  normal  loads  acting  at  the  rolling  element-to- 
retainer  contacts 

5.  Viscous  forces  acting  among  the  retainer  inside  diameter, 
outside  diameter,  and  their  respective  bearing  iacu  surfaces 

6.  Rolling  element  viscous  drag  forces 

7.  Equilibrium  of  the  retainer  assembly  to  be  established  to 
predict  retainer  speed  deviation  from  the  theoretical  epicyclic 
value. 

Rig  testing  was  conducted  to  verify  and  modify  the  theoretical  analysie. 
The  test  program  included  the  modification  of  a  test  rig  and  the  design 
of  special  instrumentation  to  obtain  the  required  verification  data.  Testa 
were  run  on  a  100-millimetcr  ball  bearing  at  speeds  up  to  20,000  rpm 
with  axial  and  radial  loads  up  to  1,000  pounds. 
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MATHEMATICAL  ANALYSIS 


BALL  BEARING  MATHEMATICAL  MODEL 


A  complete  presentation  of  the  mathematical  model  developed  for  the 
ball  bearing  solution  is  presented  in  this  section.  The  approach 
taken  is  an  extension  of  the  analysis  related  in  Reference  2  to  include 
retainer  loads  and  lubrication  considerations.  The  numerical  procedure 
that  has  teen  employed  io  composed  of  essentially  two  major  iterative 
loops,  one  within  the  other.  Each  loop  has  specific  criteria  which 
must  be  satisfied  to  obtain  the  desired  solution.  The  innermost  loop 
of  the  analysis  deals  with  individual  ball  equilibrium  which  is  achieved 
when  Equations  (26)  through  (30)  are  simultaneously  satisfied.  These 
equations  represent  force  equilibrium  in  the  X  and  Z  directions,  and 
moment  equilibrium  about  the  X,  Y,  and  Z  axes,  respectively.  The 
second  loop  of  the  analysis  establishes  equilibrium  of  the  bearing  rings 
with  respect  to  externally  applied  loads.  These  criteria  are  achieved 
when  Equations  (34)  through  (37)  are  satisfied.  These  equations  repre¬ 
sent  force  equilibrium  on  the  bearing  races  in  the  X,  Y,  and  Z  directions 
and  moment  equilibrium  about  the  Y  axis,  respectively.  A  second 
function  of  this  loop  establishes  retainer  torque  balance  by  iterating  upon 
retainer  speed  accounting  for  ball-to-race  tractive  forces,  balLto- 
retainer  lo»ds,  viscous  drag  between  retainer  and  ring  surfaces,  and  ball 
drag.  In  this  manner,  the  retainer  speed  ie  established  and  its  devia¬ 
tion  from  the  theoretical  epicyclic  value  can  be  determined.  These  con¬ 
siderations  are  expressed  in  Equations  (46)  through  (49),  which  deal 
with  force  equilibrium  in  the  X,  Y,  and  Z  directions  and  moment  equi¬ 
librium  about  the  X  axis. 

T’'<-  balls  in  a  high  speed  ball  bearing  operating  under  other  than  a 
centric  thrust  load  do  not  orbit  at  uniform  speed  if  unrestrained  by  the 
cage.  Consequently,  they  move  fore  and  aft  within  the  clearance  of  the 
pockete,  and  at  times  they  may  be  in  contact  with  the  fore  or  aft  wall 
of  the  retainer  pocket. 

When  a  ball  is  in  contact  with  either  the  fore  or  aft  wall  of  the  pocket, 
its  orbital  speed  ie  that  of  the  cage  and  is  generally  different  from  its 
unconstrained  orbital  speed.  Slippage  between  ball  and  race,  always 
present  to  gome  degree,  is  greatly  altered  in  form  and  intensity  at  this 
time.  Also,  frictional  forces  of  the  ball  in  the  pocket  are  significantly 
inc  rea  sed. 


At  the  instant  a  ball  contacts  a  pocket  wall,  an  impact  force  io  produced. 
This  force  may  be  the  maximum  force  exerted  on  the  pocket  when  tpeeds 
are  high  and  bearing  loadings  are  light.  As  loading  intensity  is  in¬ 
creased,  the  impact  severity  changes  little,  whereas  the  slippage- 
dependent  forces  increase  greatly. 

The  mathematical  model  for  this  study  neglects  the  impact  forces  and 
constrains  the  ball  to  orbit  at  the  constant  speed  of  the  cage.  Also,  the 
fore  and  aft  clearance  in  the  pocket  is  zero  to  ensure  the  worst  possible 
case  of  cage  loading,  neglecting  impact  forces;  i„e.,  all  balls  are  in  con¬ 
tact  with  their  pockets  at  all  times.  For  purposes  of  assessing  the  prop¬ 
erties  of  the  film  between  ball  and  pocket,  the  true  clearance  1b  employed. 

The  ball  referred  to  an  XY Z  coordinate  system  is  shown  in  Figure  2. 

The  X  axis  is  parallel  to  the  axis  of  the  bea  ring  and  rotates  about  the 
latter  with  the  angular  cage  (retainer)  velocity  lip. 

In  the  following,  the  subscript  1  refers  to  t!^  outer  ring  or  outer-ring 
contact.  The  subscript  2  refers  to  the  inner  ring  or  inner- ring  contact. 


uj.  is  the  angular  velucity  of  the  i*“  ring  relative  to  the  cage  and  is 
related  to  the  absolute  angular  velocity  li  •  of  the  ring  and  the  cage 
velocity  lijr. 

u.  =  Q  -  9  •  K  ■) 

i  i  L 


i  =  J  for  outer  ring 
i  -  2  for  inner  ring 
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uu x>  u-'y3  and  a'2 

Z. 


are  the  angular  velocities  of  the  ball  about  X,  Y,  and 
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F^.  is  the  centrifugal  force,  and  My  and  are  the  inertial  moments 
about  Y  and  Z. 


My  "  1  «2  Qe 

(3) 

j 

Mz  -  -  1  coY  Qt 

(4) 

i 

Fc  -  mi  Ql 

2 

(5) 

1 

'j 

i 

j 

% 

i 

1  is  the  mass  moment  of  inertia  of  the  ball  about  its  center, 
mass  of  the  ball.  E1  is  the  instantaneous  pitch  diameter. 

and  m  is  the 

j 

1 

is  the  contact  force,  and  ax  and  bj  are  the  semimajor  and 
axes  of  the  pressure  ellipse. 

semiminor 

j 

i 

Vy^  is  the  linear  velocity  of  a  raceway  in  the  Y  direction 

at  the  cente  r 

of  a  pressure  area. 

VY  =  (Q  -  Q  )  (E'  +  c  d  cos  p.) 

2 

(6) 

V\r.  is  the  linear  velocity  of  the  ball  at  the  i1^  contact  in  th 
thi 

e  Y  direction. 

VYB  "  Cid  (c^  cos  p  -  wz  sin  P.) 

'  "T- 

(7) 

8 


is  the  operating  contact  angle  at  the  contact. 

VyR  is  the  velocity  of  slip  of  race  on  ball  in  the  X  direction. 


V 


x 


8 
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Y 


(8) 


u;^.  is  the  angular  velocity  of  spin  of  the  i^  race  with  respect  to  the  ball 
ana  is 


CO  )  sin  (3 

*  I 


(9) 


Fxi  and  FYi  are  friction  forces  directed  along  the  major  and  minor 
axes  of  the  pressure  ellipse.  QS[  is  a  friction  moment  about  the  normal 
at  the  center  of  the  ellipse.  These  items  are  the  result  of  sliding  be¬ 
tween  the  race  and  ball, which  are  separated  by  an  EHD  film.  Their 
values  and  the  values  of  their  derivatives  are  calculated  in  a  subroutine, 
BALFTJ.  * 

Input  to  subroutine  BALFTJ^  consists  of: 


*1. 

*2. 

3. 

*4. 

5. 

6. 

7. 

8. 
9. 

10. 
1  1. 
12. 

1  3. 


■p 

Pressure- viscosity  coefficient  of  the  lubricant  -  in.  /lb 
Temperature-viscosity  coefficient  of  the  lubricant  -  /°F 
Viscosity  of  the  lubricant  at  inlet  temperature  -  lb-sec/in.  2 
Thermal  conductivity  of  the  lubricant  -  Btu/°F  hr-ft 
Inlet  temperature  -  F 

Young's  modulus  for  ball  and  for  race  -  lb/in.  ^ 

Poisson's  ratio  for  ball  and  race 
Dimensions  aj  and  bj  of  the  pressure  area  -  in. 

Load  on  the  contact  -  lb 

Linear  velocity  of  the  race  Vy^j  -  in.  /sec 

Linear  velocity  of  the  ball  Vyg.  -  in.  /sec 

Velocity  of  slip  of  race  on  ball  in  the  direction  of  the  major  axes 
Vx g:  -  in.  /sec 

Angular  velocity  of  spin  ■  rad /sec 


Discussed  under  "Ela  atohyd  rodynamic  Traction  Coefficients" 


^♦Values  can  be  obtained  from  Appendix  VII. 


14.  BalL  diameter  d  -  in. 

15.  Race  groove  radian  f^d  -  in. 

16.  Pitch  diameter  E1  -  in. 

17.  Cosine  of  the  contact  angle  cos  $• 

1  8.  Value  of  C; 

19.  Incrementing  factor  for  Vy^. 

20.  Incrementing  factor  for 

21.  Inc  rementing  fa  cto  r  fc  r  uj  Sj 

22.  Incrementing  factor  for  Pj 

BALFT.T  returns  Fxji  Fy^.  an^  QSf  an<3  their  derivatives  with  respect 
to  VXj's,  Vyj's,  'X-Sj's,  and  Pj's.  It  also  returns  minimum  film  thick¬ 
ness  hQ. 

Pp  is  the  normal  force  of  retainer  on  ball. 

PP  --  F Y j  +  Fy  2  -  FD  (10) 

Fp  is  a  viscous  drag  force.  * 

P^  is  the  contact  force  and  is  the  result  of  the  elastic  approach  A  j  of  ball 
and  race  body. 

Figure  3  shows  the  initial  and  final  positions  of  the  inner  and  outer  race 
curvature  centers.  3  is  the  initial  contact  angle  and  f1  the  race  curva¬ 
ture  factor. 

F i'om  Figure  3, 


=  [  X?  t  x2  ]  -  (f.  -  .5)  d  (11) 

=  [  <A,  -  X,)2  +  (A2  -  X?)  2]''  2  _  (l2  -  .5)  d  (1 


A]  a<  i  A£  are  defined  analytically  in  Equations  (31)  and  (32). 


♦Calculated  as  described  under  "Analysis  of  Shear  Forces  on  a 
Lubricated,  High-Speed  Bearing  Retainer," 
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(13) 


i  a 


K  (e^)  and  E  (e  j)  are  the  complete  elliptic  integrals  of  the  first  and 
second  kind  having  the  modular  angle  £j. 


The  semiminor  axis  of  the  pressure  area  is 


1/3 


b.  = 


3  i  d  R  +  E)  E  i« ,)  P,  d  cos  t  ( 


4n  |  4-1  -  2<1  Ti 


i  t  C: 


<?.o) 


and  the  semimajor  axis  is 


( 21 ) 


r  and  «?£  are  elastic  constants  for  race  and  ball,  respectively. 


4(1  —  m  ) 

R 


(2Z) 


4  ( 1  -  rr.  ) 


'E  - 


f23) 


The  symbols  and  mjr  are  Poisson's  ratio  for  race  and  ball,  E^  and 
Ejr  are  Young’s  modulus  for  race  and  ball. 

The  relation  between  contact  force  and  elastic  deflection  is  nonlinear. 


3  F,  (  ftp  +  E)  K  U  ,) 

A,  - -  (24) 

8  no 

The  maximum  normal  pressure  occurs  at  the  center  of  the  pressure 
a  rea  a  nd  is 

3  P, 

6  = -  (2  b) 

o 

2  n°,b, 


1  3 


The  equilibrium  of  the  ball  requires  that 


-  P,  sm  0,  *  P.;  sm  +  FX]  cos  0,  -  cos  02  _  Fp 

-  0 

(26) 

-  P,  cos  p,  ♦  p3  cos  p2  -  FX)  smp,  t  F^  s,n  P2  +  Fc  +  F ^ 

-  o 

(27) 

Fy  (  cos  P,  -  FY;  cos  p2  _  Fpz  )  -i  +  QS|  sm  |J,  -  Qs_  sm  ^ 

=  0 

(28) 

x  d 

(29) 

( Fx  *  rx  )  -  1  mv  -  ep 

=  0 

o 

(  -  Fy  ^  sm  p,  :•  Fy  sin  02  -  F p  ^  )  —  T  Q  $  cos  0, 


°S2  C0i  -32  +  MZ  =  0 


(30) 


Fpv  and  Fp-,  are  pocket  frictional  forces.  ' 

The  variables  in  the  above  set  of  equations  are  Xj  and  X ^  and  the 
angular  velocities  x y ,  and  The  equations  are  solved  numer¬ 

ically. 

Figure  4  shows  the  bearing  referred  to  an  ,rYZ  coordinate  system. 

The  outer  ring  is  fixed  while  the  inner  ring  can  move.  The  inner  ring 
can  have  three  linear  displacements,  &x.  6y,  and  relative  to  the 

outer  ring  and  is  constrained  from  rotations  about  Y  and  Z. 

The  YZ  plane  in  Figure  4  contains  the  locus  of  the  inner  race  curvature 
centers. 

For  arbitrary  values  of  the  three  displacements,  there  will  be  the  re¬ 
actions  Fy,  F’y,  and  My,  which  act  in  the  directions  shown  in  Figure  4, 


Calculated  as  described  under  "Analysis  of  Shear  Forces  on  a 
Lubricated,  High-Speed  Bearing  Retainer." 
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The  values  of  Aj  and  in  Equation  (14)  depend  on  the  displacements 
at  the  inner  ring  center. 


A,  = 

Bd  sin  p  +  6^ 

(31) 

II 

r* 

< 

Bd  c os  p  4  5y  sin  *P  +  5^  cos  ^ 

(32) 

B  = 

f,  +  f2  -  1 

(33) 

cp  is  the  ball  azimuth  measured  clockwise  from  the  YZ  plane  as  viewed 
f  rom  -r  X. 

The  bearing  reactions  are: 

r 

F*  ■  E 

i-  i 


%  ■  E 

i  -  l 


F*  *E 


My  =  T! 


i  Fy  f 0  d  sin  fl,  sin  ip.  s  (37) 

Y2,  ‘  l)  '  [ 


P,  i<r  f)_  -  Py  COS  P. 

L  2j  2i  2 


(34) 


(*f^2  coi  >V  +  FX0  Sin  pj  ^ 

L'  1  i  ?| 


sm  -  F  cos  f) 

‘I 


+  Ay  (35) 


“  COS  p  _  +  F  !in  ji  )  CoS  f  +  F  sin  <A  j  4  A-,  (36) 

2|  )  X2.  2|  '  !  Y2,  ’  J  Z 


" 

- 

P  R  sm  p  -  F 

L  1  1  2, 

(  R  cos  p. 

-  V). 

cos  ^ 


where  n  ia  the  number  of  balls. 


Ay  and  A7  are  zero  for  an  oute  r- piloted  cage  and  are  nonzero  for  inner- 
piloted  cage;  they  are  calculated  as  follows: 


E 

R  *  (  f  -  .  r,^  ft  ms  i"s 

O  l 


(38) 


1  6 


My  does  not  enter  into  the  calculations  but  is  an  item  of  interest. 

Figure  5  shows  the  forces  and  moments  acting  on  an  oute r-piloted  cage. 
Qvi  3nd  QV2  are  viscous  shear  moments.  P(-  is  the  reaction  of  the 


piloting  ring  agai 
cage  and  guiding 

net  the  cage.  Fp  is  a  Coulomb  friction  force 
surface  and  acts  at  the  angle  Q. 

between 

Pc 

r  1  1/2 

=  [h2  +  V2J 

(39) 

H 

n 

=  Y  I  -  pp, cos  -  fp2  s,n  ! 

i=i  1 

(40) 

V 

n 

y  [-pp,  s,n  ^  -  fpz  cos  j 

i  =  l  > 

(41) 

Ft 

=  ^  Pc 

(42) 

ton  0 

V 

(43) 

Figure  6  similarly  illustrates  an  inne  r- piloted  cage.  Equations  (37) 
through  (41)  apply  here  also. 

With  an  inne  r-piloted  cage,  P  q  and  Fp  are  reactive  on  the  inner  ring, 
and  Ay  and  for  use  with  Equations  (35)  and  (36)  are 


II 

>- 

< 

Pc  (  sin  0  - 

p  COS  0) 

(44) 

> 

N 

II 

-  P  (cos  0  t 

v  sin  6) 

(45) 

Calculated  as  described  under  "Analysis  of  Shear  Forces  on  a 
Lubricated,  High-Speed  Bearing  Retainer." 
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The  requirements  for  equilibrium  of  the  bearing  and  cage  system  may 
now  be  w  ritten: 


Fx  ^  Fx  r  0 

(46) 

Fy  =0 

(47) 

Fz  ♦  F,  -  0 

(43) 

Qv  t  Qv  t  FpD  +  - 

1  2  9 

2  1 

n 

£  Lp",  E’  *  F-2  d] 

1=1  I 

=  0  (49) 

D'  is  Dj  for  an  oute r- piloted  cage  and  D2  for  an  inne r- piloted  cage. 
P'X  and  7^;  are  external  thrust  arul  radial  loads. 

Equations  (46)  through  (49)  are  nonlinea  r  in  the  variables  &x-  6y» 
and  9.  jr.  They  are  solved  numerically  by  iterative  procedures. 


ROLLER  BEARING  MATHEMATICAL  WODEL 


The  determination  of  the  forces  on  the  cage  of  a  high-speed  roller 
bearing  requires  the  evaluation  of  the  internal  load  distribution,  the 
friction  forces  ;n  the  EHD  films  at  the  race  contacts,  and  the  friction 
and  normal  forces  in  the  rollei  to  cage  poclcet  contacts. 

The  calculation  of  individual  roller  loads  is  made  without  consideration 
of  friciion  forces  in  the  race  contact  film  or  in  the  pocket  contact  film. 
This  procedure  is  valid  since  the  tangential  friction  force  of  the  roller 
against  the  pocket  is  small  compared  to  the  load  at  an  outer- race 
contact. 

For  an  assumed  value  of  roller  orbital  speed  (cage  speed)  the  internal 
load  distribution  i3  obtained  as  follows.  A  first  assumption  of  orbital 
speed  is  made  close  to  the  theoretical  value  for  no  slip. 

CF.  =  ;  j°!  0  *  |)  *  °2  0  -  gjj  ('-S>  <5« 

where  Q g  =  cage  speed 

Q i  outer  ring  speed 

~  inner  ring  speed 
d  =  ro I ler  di orneter 
E  =  p  itch  diameter 
S  -  aslipfactor 

A  suggested  value  of  S  for  the  first  pass  if  0.  001. 

Figure  7  illustrates  a  typical  radial  roller  bearing  and  shows  the  detail 
of  the  roller's  profile. 


Let  A  be  the  approach  of  the  roller  to  the  race  body  measured  at  the 
midpoint  of  the  roller's  length.  The  approach  is  the-  same  at  all  points 
of  the  cylindrical  surface.  The  approach  at  a  point  on  the  crowned  portion 
is  less.  At  any  location  a.  along  the  roller's  length,  measured  from  the 
midpoint,  the  approach  is 


(52) 

--£  <-''1x1  <—  (52) 

2  "  ^2 


2 


Lundberg,  Reference  7,  gives  the  relation  between  load  and  approach 
for  a  cylindrical  roller  of  length  St  as 


W  here  dr 


(  +  dE)  P 


1.8864  +  In  ( — ^ 

V  2b  _ 


elastic  constants  for  race  and  roller, 
respectively,  and  ore  of  the  form 

a  -  4  (1-m2) 


m  -  Poi  sson's  rotic 

E  -  modulus  of  elasticity 

P  -  total  force  on  the  contact 
b  —  semiwidth  of  the  contact  area 

f  =  le  ngrh  of  ro  I  ler 

Setting  p  as  the  lb/in.  loading  at  point  x,  one  may  write 

X 

A  =  - Pv  1.8864  +  In  'nu  J 

■■  2  n  *  l  ""xj 


b  is  given  by 


(  «5R  +  dE>  pxd  (1-+  6-  ) 


The  upper  sign  is  used  for  an  outer-race  contact  and  the  lower  for  an 
inner-race  contact. 

St'  is  the  distance  from  the  rolle  r  midpoint  to  the  end  of  the  contact 


If  from  Equation  (87)  is  greater  than  — T,  St'  is  set  equal  to 


The  contact  force  resulting  from  an  approach  A  is 


P  -  2 


Pxdx 


(58)' 


Equation  (5S)  is  evaluated  numerically  by  Simpson's  rule.  In  the 

process  of  evaluating  the  integral  it  is  necessary  to  assume  discrete 

values  of  x  and  to  calculate  the  value  of  p  .  From  Equations  (55)  and 

(56)  with  A  known, 
x 

dA  (  dp  +  dp  )  ,  . 

P  h  (1.3864  t  In  ^  1 


dP, 


2  n 


(59) 


An  assumption  of  p  is  made  and  the  corresponding  A  calculated  from 
Equation  (55).  An  improved  value  of  is 


(Ax  -  Ax> 


/  dA  , 


(60) 


\dpx 


The  process  can  be  repeated  until  p  is  to  the  desired  accuracy. 


Figure  8  shows  a  roller  in  contact  with  both  races  and  acted  upon  by 
centrifugal  force  F  and  contact  loads  Pj  and  P ^ • 


Assuming  that  the  shear  forces  due  to  the  pocket  contact  are  small  with 

-  P,  ♦  P2  +  Fc  =  0 


respect  to  , 


’  R  | 


(61) 

(62) 


/here  rn  ^  -  mass  of  roller 

£2  ^  -  orbital  velocity  of  roller 

N 


(63) 
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Figure  8  also  shows  the  numbering  scheme  for  the  rcilera  in  relation 
to  the  displacement  6  of  the  inner  race  with  respect  to  the  outer.  The 
azimuth  of  the  q  th  roller  is 


2  n  (q  .  1) 


The  total  approach  of  inner  race  to  outer  at  the  q’-h  roller  is 


=  6cos  ~ 


'here  P^  -  operating  diametral  cleatonce  of  bearinn 

Aq  -  elastic  approach  of  roller  and  race  at  outer  contact 

£  =  elastic  approach  of  relies  and  race  et  inner  contoct 


For  an  assumed  value  of  bearing  displacement  6,  Aq  can  be  calculated. 

An  estimate  of  A  is  made  and  A  is  given  by  Equation  (63).  P, 
oi  o2  Iq 

and  P?  can  be  evaluated  and  substituted  in  Equation  (61).  In  general, 

L  q 

Equation  (61)  will  not  be  satisfied  and  the  residue  4'  exists. 

Y  -  -  P1  +  Po  +  Fr  (6( 


An  improved  value  of  A  is 

°1 


/ 


. .  \m**r*>r 


* 


The  deiivative  of  P  with  respect  to  the  corresponding  A  is  of  the  form 

>  ‘  °  o 

i 


at-1 

dA, 


f 


i  \ 


/  dA  \ 

dpx  ! 


(69) 


o 


1 


Repetition  of  the  process  leading  to  Equation  (67)  enables  A  to  be 
determined  to  any  desired  accuracy. 

The  reaction  of  the  bearing  to  the  displacem ent  6  is 


r. 


Equilibrium  requires  that 


(70) 


(71) 


where  F  -  external  radial  load 

For  an  assumption  ot  6.  Equation  (71)  may  not  be  satisfied.  An  improved 
value  of  6  is 


t 


(F  -  F) 


(72) 


dF 

do 


v.  -  1 


daq 


cos 


2 


(73) 
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Differentiatin';  Equations  ,6i)  and  (63)  with  respect  to  6  , 


dP,  dA0) 
-  1  a 


0 


dA 


°1. 


dA, 


dA 


dA, 


1 


(74) 


(7  5) 


F rom  these  is  obtained 


-  dP,  dP? 

q  _  q 


(76) 


Figure  9  shows  the  forces  acting  on  the  roller  which  arise  from  the 
lubricant  effects.  These  are  assumed  small  in  comparison  with  P  . 


uu  j  ana  a1  are  the  velocities  of  the  outer  and  inner  races  with  respect 
to  the  cage: 


CO 

I 


Q 


Q 


E 


i  -  1,2  (77) 


where  Q|  =  ongulor  velocity  of  a  ring  relotive  to  ground 

Qg  -  angular  velocity  of  the  cage  relative  to  ground 


The  linear  velocity  of  a  race  relative  to  the  cage  is 


U 

V, 


(E  +  Cd) 

_ ! _  w . 

2  1 


1,  2 


where 


for  an  outer  contoct 
for  on  inner  contact 


(78) 
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The  evaluation  of  the  integral  in  Equation  (58)  by  Simpson's  rule 
requires  the  eetablialiment  of  an  odd  number  of  stations  over  the  contact 
length.  The  stress  conditions  and  the  sliding  velocities  of  race  on 
roll  at  these  stations  will  be  utilized  in  calculating  the  friction  forces 
in  the  EHD  film. 


The  maximum  Hertz  pressure  at  any  location  x  within  the  pressure 
area  is 


S 


n  b 


(79) 


For  stations  within  the  cylindrical  portion  of  the  roll,  the  radius  of  the 
roll  is 

r,  -  t  (80) 


For  stat.ons  within  the  crowned  portion  of  the  roll, 


The  linear  velocity  of  the  roll  at  any  station  is 


where  t_'x  is  the  angelor  velocity  ot  roller  about  its  center 


(81) 


(82) 


The  slip  velocity  of  race  on  roll  is 


V, 


.  =  1,2 


X 


(83) 


The  minimum  film  thickness  at  any  station  is* 


I 


where  R  ~  the  rodius  c(  o  roll  hnvtng  the  some  conformity  with 
1  regard  to  a  flat  piate  that  the  actual  contact  has 


1 


2C  1 

_ 1 _ t _ 

(E  +  C  d)  r 

'  i  x 


•  =  1.2  (85) 


the  p,- es  s  ure -v  i  s  cos  i  ty  coefficent  of  the  lubricant 
thelubncant  viscosity  at  inlet  temperature 
the  average  rolling  velocity  ot  the  station 


U 


1 

2 


E 


il 


8 

^  R  + 


(86) 

(87) 


The  friction  or  tractive  force  generated  in  the  EHD  film  depends  or 
the  coefficient  of  friction  at  the  various  stations  along  the  contact 
length. 


♦Calculated  as  discussed  tinder  "Elastohydrodynamic  Traction 
Coefficients" 
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A  computer  program  provided  by  the  Air  Force  Aero  Propulsion 
Laboratory  and  Mechanical  Technology,  Inc.  calculates  the  friction 
coefficient  as  a  function  of  three  parameters:  G  ,  G^  and  G^. 


G'„ 

1 

1 

L 

(88) 

"$m  h 
"V  x: 

1 

% 

=  gb  us2„ 

1 

(89) 

1 

—  D  s 

o  m 

X 

i 

(90) 

ga 

-  u  2  1  —  \ 

\  G3  ) 

.0  .7 

(tj) 

(91) 

gb 

=  p  3  ^ 

1.728  Kp 

(92) 

rr  » 

ot  930  a 

Cf ,  -  86) 

(93) 

3 

546  (T, 

+  460) 

M  3 

=  (T' 

1  -  86) 

(94) 

The 


tractive  force  is  obtained 


F 


by  numerical  integration  of  the  following: 


(95) 
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The  derivative  of  F^,  with  respect  to  will  be  required.  These 

i 

are  obtained  by  calculating  F_  values  for  uu  -1-  Auo  and  uj  -  Aid  and 

T.  x  x  x  x 

1 

substituting  them  in: 


(FT>.xt 


A“*  (  T|  «*"  L^a 

2  (Ac^T 


(96) 


Turning  now  to  the  pocket  contacts,  the  following  expressions  for  Fp 
and  F  '  are  obtained*  (Figure  9  also  shows  a  roller  in  a  pocket  and  those 
forces  acting  on  the  roller  from  the  cage): 


x 


2.447 


(97) 


(9R) 


Along  the  cylindrical  portion,  the  film  thickness 
the  film  thickness  is  _ _ 


i  3  h  .  When  x  S  l F 

P  x  " 

o  2 

~  '2  (99) 


i he  pocket  forces  are  obtained  by  numerical  integration  of 


F 


P 


2 


(100) 


^Calculated  as  described  under  "Analysis  of  Shear  Forces  on  a 
Lubricated,  High-Speed  Bearing  Retainer." 
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o 


(101) 


The  derivatives  of  F  and  F  with  respect  to  ir  and  h  are  required. 

p  v  x  o 


dF, 


(102) 


d  F,, 


do:- 


(103) 


Differentiating  Equations  (97)  and  (98)  gives 


J  c 


"  p. 


dhp 


X 


!  I 


!dx  I 
1  2  I 


-  .2741  u  «x 


3  '2 


(104) 


(105) 


Then  the  required  derivatives  are 


(106) 
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The  viscous  drag  on  a  roller  orbiting  at  high  speed  is 

2 

M  2.  "  ['°'  ■  “E- 

,  =  1 

I  ubf i CO  n  t  den  s  i  fy 

radial  riding  c  leoronce  o*  outer  pilot  surface 
rcdio1  riding  clearance  at  inner  p.lot  surface 
bore  of  outer  ring 
outside  diameter  oi  cage 
outside  diumeter  of  inner  ring 
bore  o  f  reto  i  net 


where  p 
2 

1 

~r 

-  i 


(107) 


(108) 


If  2.  j  /  2  the  cage  is  inner- ring  piloted.  If  Z  ^  <C  2  ^  the  cage  is 
outer- ring  piloted. 


From  Figure  9,  assuming  the  forces  F^  or  F^  are  small  in  compari¬ 


son  with  P  ,  let 


<1>  -  F  -i  +  Ft  F  d 

'  1  1  2  D 


(109) 


•Calculated  as  described  under  "Analysis  of  Shear  Forces 
Lubricated,  High-Speed  Bearing  Retainer." 


on  a 


If  <t>  >  O,  the  roller  contacts  the  leading  wall  o£  the  pocket  and  drives 
the  cage,  and  the  value  of  an  index,  1,  is  1, 

If  <f>  <  O,  the  roller  contacts  the  trailing  wall  of  the  pocket  and  is 
driven  by  the  cage.  The  value  of  the  index  is  2. 

F  and  F  need  be  calculated  only  for  the  end  of  the  pocket  correapond- 
ii/g  to  1.  VThe  forces  at  the  other  end  of  the  pocket  are  negligible  due 
to  the  pocket  clearance,  which  is  large  compared  to  the  lubricant  film 
at  the  I  end. 

Two  modes  of  operation  are  recognized.  In  the  first  mode  the  roller 
is  in  contact  with  both  outer  and  inner  races..  In  the  second  the  roller 
contacts  the  outer  race  only.  In  neither  mode  is  the  angular  accelera¬ 
tion  of  the  roller  in  orbit  or  about  its  own  axis  considered.  In  other 
words  the  transition  from  motion  with  contact  at  both  races  to  steady- 
state  motion  with  outer- race  contact  only  is  assumed  to  be  instantaneous. 

When  the  roller  is  in  contact  with  both  races, 


p! 


FT,  +  FT?  ~  Fd 


mo) 


Equation  (110)  is  calculated  using  an  assumed  value  of  a1  .  For  the 

first  pass,  >ju  is  obtained  from 
x 

01  =  fiq  -  Of)  (E  +  d) 


(111) 


Equation  (1  10)  is  also  evaluated  using  an  assumed  value  of  h  ,  and 

P°i 

Equation  ( 1  10)  will  probably  have  the  residue  i’. 

An  improved  value  of  h  is 

■s 


Y 


/dj_  \ 
d  h 

pv 


(112) 
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where 


dr 


(113) 


Repetition  of  the  process  yields  h  to  desired  accuracy. 

P 

o 

I 

Taking  moments  about  the  roll  center. 


(114) 


For  the  initial  assumption  of  ,  F.quatinn  (1  14)  will  not  be  satisfied 
and  there  will  be  the  residue  'ji.  An  improved  value  of  <u  is 
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Repeated  application  of  Equation  (1  1  5)  yields  uu  to  desired  precision. 
After  each  pass  the  process  returns  to  Equation  (82). 

The  solution  for  the  cast  of  outer  contact  only  is  solved  in  a  similar 
manner  except  that  F  and  its  derivatives  are  nonexistent. 

y2 

The  viscous  drag  force  between  retainer  and  ring  is,  from  Reference  3, 
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The  torque  on  the  cage  due  to  viscous  drag  is 
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The  total  horir.unta  1  and  vertical  loads  on  the  cage  due  to  pocket  forces 
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Figure  9  shows  the  reactions  of  the  piloting  surface  on  the  cage.  The 
radial  force  consists  of  a  component,  P,  and  a  centrifugal  force  due 


to  cage  whirl  with  a 

rotating  load. 

F  rom 

Figure  9, 
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coefficient  of  sliding  friction  at  the  pilot  interface 
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From  Equations  (120)  and  (121), 
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The  total  torque  on  the  cage  may  now  be  evaluated. 


Q  =  2  Z-  fc.  (F  E  +  F  Dp)  t  [  (PtFc)  D  t  Qv  (129) 
q  =  1  L  H  q  ‘q  -  2  J 


The  cage  speed  is  now  decremented  and  the  value  of  Q  recalculated. 
This  is  equivalent  to  returning  to  Equation  (77)  with  the  new  value  of 
flE. 

The  decrementing  process  is  continued  until  Q  changes  sign.  The 
method  of  false  position  is  then  applied  to  drive  IQI  to  a  satisfactory 
minimum. 
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ELASTOHYDRODYNAMIC  FILM  THICKNESS  CALCULATION 


The  minimum  EHD  film  thickness  is  calculated  within  the  computer  pro¬ 
gram  by  a  subroutine  provided  by  the  Air  Force  Aero  Propulsion  Lab¬ 
oratory  and  Mechanical  Technology,  Inc.,  in  accordance  with  Reference 
11.  The  fundamental  relationship  employed  is  the  Dowson  and  Higgin- 
son^  equation  as  indicated  below  for  cylindrical  contacts.  Ball  and  roller 
race  contacts  are  reduced  to  equivalent  contacts  in  the  analysis  by 
dividing  the  contact  zones  into  strips. 
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The  application  of  this  equation  to  ball  bearings  requires  the  establish¬ 
ment  of  various  kinematic  and  geometric  parameters  that  will  be  devel¬ 
oped  here.  The  general  case  of  ball  motion  occurring  in  a  high-speed 
angular  contact  ball  bearing  is  represented  in  Figure  10.  The  case  de¬ 
picted  is  with  the  ball  fixed  in  the  plane  of  the  paper  with  relative  outer 
and  inner  ring  speeds  of  iuj  and  1U2#  respectively.  As  indicated,  the  ball 
is  free  to  rotate  about  all  three  axes. 

The  operating  contact  angles  at  the  inner  and  outer  races  are  unequal 
owing  to  ball  centrifugal  forces  and  gyroscopic  moments.  As  is  evident, 
the  relative  motion  between  ball  and  race  at  each  contact  will  be  a  com¬ 
bined  rolling  and  spinning  action.  Proper  calculation  of  the  EHD  film 
thickness  in  these  contact  areas  must  consider  this  combined  motion. 
This  was  accomplished  by  dividing  the  contact  area  into  a  number  of 
strips  parallel  to  the  y  axis  as  shown  in  Figure  11.  These  strips  are 
treated  as  individual  cylindrical  contacts  rolling  in  the  y  direction. 

Figure  11  represents  the  contact  zone  on  the  race,  which  has  a  velocity 
due  to  race  rotation  of 
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Figure  10.  Ball  Motion  Occurring  in  High-Speed  Angula  r-  Conta  ct 
Ball  Bearing;  General  Case. 
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and  an  angular  spin  velocity  relative  to  the  ball  of 


»s  =  C;  [(<*  -^)  *inp.  -  ^  co*p.  ]  (132) 

Combining  these  two  velocity  components,  we  can  now  calculate  the 
velocity  in  the  y  direction  of  any  point  on  the  race  contact  by 
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The  velocities  within  the  contact  zone  on  the  ball  as  shown  in  Figure  11 
in  the  Y  direction  can  be  calculated  from 

Vb,  -  VyB  —  (  <*>„  cosp,  -  sir.Pj)  (134) 

2 


The  race  radii  of  curvature  in  the  plane  of  rolling  required  to  calculate 
the  equivalent  radius  of  contact  against  a  flat  surface  can  be  stated  as 
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(135) 


and  the  ball  radius  of  curvature 


I 


( 136) 


1  inally,  w  ,  the  load  per  unit  width  of  contact,  can  be  found  from 


3P 

W  :  - 

4a 

The  film  thickness  is  calculated  for  each  strip  in  the  contact,  -a<x<a, 
and  the  minimum  value,  all  strips  cons  ide  red,  is  presented  in  the  com¬ 
puter  output  as  the  minimum  thickness  for  the  contact. 

The  application  of  the  Dowson  and  Iligginson  equation  to  cylindrical  roller 
bearing  contacts  is  treated  in  the  same  manner  as  in  the  above  ball  bear¬ 
ing  method.  The  roller  bearing  case,  however,  is  simpler  because  of 
the  nbij  cr.cc  oi  npm  velocities. 
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ELASTOHYDRODYNAMIC  TRACTION  COEFFICIENTS 


Traction  Model 


The  mechanics  by  which  EHD  oil  films  are  generated  in  heavily  loaded 
rolling  element  contacts  such  as  those  encountered  in  ball  and  roller 
bearings  is  well  understood.  The  magnitude  of  the  EHD  film  thicknesses 
can  be  accurately  calculated  using  the  Dowson  and  Higginson  equation  as 
indicated  in  the  previous  section.  This  is  the  case  even  though  the 
analysis  is  predicated  upon  isothermal  flow  conditions,  because  the  film 
thickness  is  determined  primarily  by  the  oil  properties  in  the  inlet  re¬ 
gion  of  the  contact  where  the  oil  pressure  is  nearly  ambient,  and  the 
oil  temperature  is  approximately  the  same  as  that  of  the  rolling  surfaces. 

Traction  effects,  however,  present  a  more  complicated  picture  to  be 
analyzed  in  that  the  traction  forces  transmit. ed  by  the  contacting  sur¬ 
faces  are  strongly  influenced  by  the  rheology  of  the  fluid  within  the 
film.  In  the  race  contacts,  high  Hertz  pressures  are  in  effect  accom¬ 
panied  by  appreciable  sliding  with  the  attendant  heating  of  the  oil  film. 

The  rheological  behavior  of  the  lubricant  film  in  the  contact  is  strongly 
affected  by  these  elevated  pressures  and  temperatures.  Currently,  in¬ 
formation  regarding  the  sliear  properties  01  lubricant  films  under  these 
high  contact  pressures  and  sliding  velocities  is  incomplete,  and  sufficient 
understanding  of  the  rheology  of  the  lubricants  in  this  regime  is  not 
available  to  produce  analytical  solutions. 

The  traction  coefficients  appearing  within  the  computer  programs  were 
established  with  the  use  of  computer  program  subroutines  BALFTJ  and 
TRAC  provided  by  the  Air  f  orce  Aero  Propulsion  Laboratory  and 
Mechanical  Technology,  Inc.  In  these  subroutines,  sliding  frictional  co¬ 
efficients  were  generated  based  upon  the  experimental  data  reported  by 
Johnson  and  Cameron  To  apply  inis  experimental  data  to  a  wide  range 
of  load,  speed,  and  lubricant  parameters,  an  analysis  of  friction  similar 
to  that  developed  by  Crook^  was  conducted  by  Mechanical  Technology, 
Inc.,  to  identify  the  pertinent  dimensionless  parameters  governing  fric¬ 
tional  behavior. 

The  results  indicated  that  the-  friction  coefficients  are  governed  by 
three  dimensionless  parameters  for  a  given  inlet  temperature  and 
lubricant. 
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where  -  inlet  viscosity 

u  -  sliding  speed 

Pjjz  =  maximum  hlertz  pressure 
hQ  =  film  thickness 

Pi  =  temperature  viscosity  coefficient  based  on  the 
function  used  by  Crook 

Kf  -  thermal  conductivity  of  the  lubricant 

a  Q  -  pressure  viscosity  coefficient  based  on  the  viscosity 
function  used  by  Crook 

Physically,  Gl  i6  a  direct  measure  of  the  shear  rate  effects,  whereas 
Gg  arid  G-j  measure  the  thermal  heating  effects  and  the  pres  su  re- viscos ity 
effects  respectively.  With  the  use  of  these  three  parameters,  Johnson's 
experimental  frictional  coefficients  were  plotted  against  Gj  for  a  constant 
Gg  with  Gj  as  parameters.  Typical  graphs  for  a  low  and  high  value  of  G2 
are  given  in  Figures  12  and  13.  Portions  of  the  curves  are  extrapolations 
of  Johnson's  data  to  cover  broader  ranges  of  speed,  load,  and  luoricant 
properties. 

It  is  seen  that  at  small  values  of  Gj  ,  aU  curves  have  a  c.onstan  slope. 

This  corresponds  to  the  fact  that  at  small  eliding  speeds  the  fr  ctional  co¬ 
efficient  varies  linearly  with  sliding  speed.  In  each  graph,  all  curves 
merge  at  large  values  of  Gj  to  a  common  value,  which  is  the  "ceiling" 
found  by  Johnson  and  Cameron  and  also  by  Flint?  The  ceiling  decreases 
with  incieasing  Gg.  The  existence  of  a  ceiling  in  friction  suggests  that 
there  is  a  limiting  shear  stress  iri  a  lubricant  film. 
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r3meter  for 
Figure  93. 


It  should  be  noted  that  all  the  frictional  coefficient  graphs  are  for  a  given 
inlet  lubricant  temperature,  30°  C  Change  of  inlet  temperature  affect9 
the  frictional  coefficient  due  to  the  impendence  of  the  limiting  shear  stress 
upon  the  inlet  temperature.  Johnson  and  Cameron  and  Plint  investigated 
this  inlet  temperature  effect.  Pli  s  experiment  shows  that  the  variation 
of  frictional  coefficient  with  inlet  temperature  is  approximately  linear, and 
the  slope  does  not  seem  to  vary  much  with  either  rolling  or  sliding  speed. 
The  slope  v.as  found  to  be  -0.001  per  degree  Fahrenheit.  This  relation¬ 
ship  is  used  to  predict  frictional  coefficients  for  inlet  temperatures  other 
than  30°  C. 


Tractive  Forces  a  nd  Spin  Torque 

To  facilitate  the  general  kinematic  solutions  desired  while  accounting  for 
gyroscopic  slip  and  tall  spin,  it  is  necessary  to  calculate  the  tractive 
forces  between  the  balls  and  races  v.ith  the  assumption  of  motion  about  all 
three  ball  axes.  Figure  1 4  illustrates  the  velocity  components  active  in 
the  contact  areas  on  the  ball  and  race  of  a  common  contact.  Each  ellipse 
is  divided  into  a  number  of  strips  parallel  to  the  direction  of  rolling 
(Taxis).  The  dimensions  a  and  b  are  the  semimajor  and  the  semiminor 
axes  of  the  contact.-,  respectively.  The  sliding  velocity  in  the  Y  direction 
at  each  strip  can  oe  found  from  Equations  (1  33)  and  (134)  and  is 


u 


5 

y 


(138) 


With  this  sliding  velocity  established  and  the  Hertz  stress,  lubricant  pro¬ 
perties,  a  no  EHD  film  thickness  known,  the  tractive  coefficient  f  for 
the  strip  can  be  calculated  with  the  procedure  previously  described.  The 
tractive  ,orce  acting  on  each  strip  in  the  y  direction  is 

dF^  2  \  y  d*  (1  39) 

where  y*  is  the  semistrip  width  dimension  as  shown  in  Figure  14  and 


1 

y 


fw 


2y* 


(140) 


SO 


The  total  tractive  force  for  the  contact  at  the  y  direction  is  the  sum  of 
the  tractive  forces  within  the  individual  strips,  or 


The  total  tractive  forces  in  the  x  direction  can  be  written 
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The  spin  torque  normal  to  the  contact  ellipse  can  be  expressed  as 
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Each  of  these  integrals,  Equations  (141),  -(M6),  and  (147),  was 
evaluated  numerically  in  the  subroutine  BALFTJ  to  provide  the  tractive 
forces  and  moments  along  with  their  derivatives  with  respect  to  the 
velocity  components  and  normal  contact  loads  needed  for  the  computer 
analysis. 

Tractive  forces  and  derivatives  for  the  roller  bearing  contacts  were 
calculated  in  the  same  manner  ir.  the  subroutine  ROLFTN  subject  to 
the  simplification  of  zero  spin  velocity  and  torque. 

Tractive  Instability 


The  most  significant  difficulty  encountered  during  the  computer  program 
development  stems  from  the  rheological  behavior  of  the  fluid  and  the  re¬ 
sulting  traction  forces  developed  at  high  slip  speeds.  At  high  values  of 
G]  ,  the  slope  of  the  traction  curve  in  Figures  1  Z  and  1  3  becomes  pro¬ 
gressively  flatter,  and  finally  reaches  a  zero  slope  at  the  ceiling,  i,  e,  , 
the  limiting  shear. stress  is  reached.  In  this  regime,  changes  in  the 
sliding  velocity  do  not  strongly  affect  the  tractive  forces  generated; 

onsequenlly,  all  derivatives  of  forces  and  moments  with  respect  to  the 
velocity  components  are  nearly  zero.  This  behavior  creates  a  breakdown 
within  the  iterative  procedure  because  velocity  changes  are  not  then 
affecting  bearing  tractive  forces,  and  the  load  adjustments  with  velocity 
changes  required  to  achieve  solutions  are  not  forthcoming. 
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Another  phenomenon  that  caused  problems  at  high  slip  rates  is  illustrated 
in  Figure  15,  where  tractive  force  is  plotted  against  slip  velocity  directly. 
Note  that  at  low  slip  rates  the  tractive  forces  increase  with  increasing 
slip  rates,  while  at  high  slip  rates  the  tractive  forces  decrease  with  in¬ 
creasing  slip  rates.  This  decrease  in  traction  with  increasing  slip  rate 
is  primarily  the  result  of  heating  of  the  oil  film  with  an  attendant  temper¬ 
ature  increase  combined  with  a  strong  temperature  dependence  of  the  oil 
viscosity.  In  this  regime,  the  heating  effect  overrides  the  increasing 
slip  rate  to  produce  a  net  decrease  in  traction. 

This  effect  produces  a  surprising  result  when  combined  linear  and  spin 
slip  velocities  are  superimposed  on  a  race  contact.  In  some  cases,  the 
computed  reactive  spin  torque  on  the  ball  opposes  the  spinning  velocity, 
as  one  would  intuitively  expect.  However,  in  other  cases,  the  reactive 
spin  torque  is  in  the  same  sense  of  the  spinning  velocity;  i.  e.  ,  the  cal¬ 
culated  reaction  torque  is  in  a  direction  so  as  to  accelerate  the  spinning 
action  of  the  ball.  This  anomaly  can  be  explained  by  considering  the  two 
points  A  and  B  on  the  tractive  curve,  Figure  15.  Point  A  is  in  the  regime 
where  shear  rate  predominates  over  tractive  behavior,  while  point  B  is  in 
the  regime  where  thermal  effects  are  predominant.  Consider  race  con¬ 
tact  as  shown  in  Figure  16,  with  the  ball  sliding  in  the  y  direction  with  a 
sliding  velocity  V^.  The  tractive  force  picture  in  the  contact  for  this  case 
would  be  as  indicated  in  Figure  16.  If  angular  velocity  w  is  now  super¬ 
imposed,  different  tractive  profiles  are  obtained  as  indicated  in  Figure  17, 
depending  upon  whether  we  were  initially  operating  at  point  A  or  B,  In 
this  manner,  the  torque  reaction  to  ball  s-pin  can  either  oppose  or  rein¬ 
force  the  ball  spin  velocities,  depending  on  whether  the  dominant  slip 
velocities  are  on  the  increasing  or  decreasing  section  of  the  traction 
curve.  This  phenomenon  is  not  fully  understood  at  this  point,  and  it  must 
be  remembered  that  the  base  friction  data  have  been  obtained  in  cylin¬ 
drical  contacts  in  the  absence  of  spin, 

^his  traction  behavior  certainly  implies  that  the  ball  motion  would  be  un¬ 
stable  in  these  regimes  and  solutions  arc  unattainable.  This  phenomenon 
hampers  convergence  not  only  when  the  desired  solution  is  in  the  unstable 
regime,  but  also  if  these  instabilities  are  encountered  during  intermediate 
passes  through  the  iterative  loop  for  a  case  which  ultimately  is  stable. 

To  study  this  traction-slip  behavior  in  depth,  an  auxiliary  computer 
program  was  created.  The  program  treats  a  single  ball- race  contact 
for  which  the  linear  and  spinning  slip  velocities  are  introduced.  The  pro¬ 
gram  first  calculates  the  tractive  forces  and  moments  resulting  from 


54 


SLIP  VELOCITY 


o  15.  Tractive  Force  Versus  Slip  Velocity. 
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R,>ce  Contact,  Velocity  Distribution,  and  Tractive  Force 
Distribution  in  a  3all-Race  Contact. 


the  input  slip  values,  increments  the  input  velocities  a  small  amount,  and 
then  attempts  to  iterate  back  to  the  initial  sliding  velocities  while  know¬ 
ing  their  corresponding  tractive  forces  and  moments.  In  this  manner 
the  areas  of  instability  can  be  established  as  a  function  of  linear  and 
spin  slip  velocities. 

The  program  incorporates  three  options  to  consider  different  traction 
versus  slip  rela  tionships .  7’he  first  relationship  uses  the  aforementioned 
Johnson  empirical  data  integrated  into  a  table  look- up /intc rpoia tion  sub¬ 
routine  FRCTN  written  by  Mechanical  Technology,  Inc.  The  second 
relationship  is  an  analytical  function  that  was  derived  to  lit  the  FRCTN 
data  by  scaling  and  shifting  of  G]  ,  C>2,  and  terms.  This  smooth 
analytical  function  was  formulated  to  eliminate  any  local  numerical 
discontinuities  that  could  creep  into  the  table  look-up  interpolation  pro¬ 
cedure.  The  following  analytical  expression  resulted: 


wh  e  r  c 


(143) 


0/  1  x  io-s 


which  represents,  relatively  well,  the  trends  of  the  charts  prepared  by 
-Mechanical  7'cchnology,  Inc  .  However,  the  deviation  in  the  absolute 
value  of  the  traction  coefficients  can  be  relatively  large.  The  third 
relationship  is  a  general  power  law  fun  -lion  cf  the  type 

f  =  Cj  G  j c  (149) 

Cases  of  :  ombined  linear  and  spin  slip  up  to  10,  000  inches  per  second 
and  1,000,000  rpm,  respectively,  were  investigated.  Tables  1 
thtc'Ugh  IV  prerent  the  results  in  a  matrix  of  linen  1  versus  spin 
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slip  velocity  indicating  the  number  of  iterations  required  to  achieve  the 
back  solution.  The  letter  "D"  that  appeals  in  some  positions  designates 
a  divergence  in  the  iterative  process  and  is  indicative  of  the  tractive 
instability. 

The  test  case  used  for  the  study  is  typical  of  ball  bearing  contacts  with 
a  semimajor  axis  of  0.050,  a  semiminor  axis  of  0.005,  and  a  Hertz 
pressure  of  150, 00C  pei. 

Table  I  presents  the  stability  picture  for  the  FRCTN  subroutine.  As 
is  evident,  instabilities  for  the  case  studied  occur  at  moderate  and  high 
spin  slip  velocities  and  do  not  seem  to  be  as  strongly  influenced  by 
linear  slip.  The  constant  divergence  at  1,000  inches  per  second  sliding 
velocity  at  all  spin  slip  velocities  does  not  seem  to  follow  the  general 
t  rend  depicted. 

Table  II  is  the  result  when  the  smooth  analytical  function  is  used  in¬ 
stead  of  the  interpolation  procedure  for  the  same  empirical  data.  The 
result  is  generally  the  same  with  an  apparent  slight  improvement  at 
higher  linear  slip  velocities.  The  strong  instability  previously  seen  at 
1,000  inches  per  second  is  not  present.  The  nature  of  the  stability  maps 
indicates  that,  in  general,  as  the  slope  of  the  curve  (Figures  1  2  a  nd  13) 
diminishes,  the  instability  tendency  increases;  therefore,  some 
further  studies  were  conducted  with  various  slopes.  The  subject  curves 
being  log-log  plots  of  traction  versus  Gj  implies  that  the;  slope  of  the 
curve  is  dictated  by  the  exponent  tern',  e  in  Jtiqua tion  (149) .  Again  referring 
to  F  igu  res  1  2  a  nd  1  3  ,  the  slope  of  the  r.  t  raight-  line  po  rtion  of  the  curves 
at  low  values  of  Gj  has  an  e  equal  to  1.0.  As  the  slope  becomes  pro¬ 
gressively  flatter,  while  Gj  is  increasing,  the  value  of  c  is  decreasing 
and  approaches  0.  Tables  III  and  JYr  give  the  results  when  the  power 
law,  Equa  tion  (149),  is  used  with  e  values  of  1/4  and  1/2  respectively. 

As  is  evident,  the  greater  the  value  of  it  (greater  slope),  the  greater  the 
stability.  In  addition  to  investigat’ng  the  effects  of  e,  a  number  of  numer¬ 
ical  values  for  Cj  were  also  run.  Results  indicated  that  stability  of  the 
system  is  not  a  'unction  of  C  ,  ,  which  establishes  the  magnitude  of  the 
traction  coefficient,  but,  as  intuitively  expected,  is  a  strong  function  of 
the  traction  coefficient's  relationship  to  the  slip  velocity. 

Roller  I'ioari  a  g  Tractive  Instability 

Difficulties  encountered  with  noncorvergcntc  of  the  ball  bearing  program 
were  also  present  in  the  roller  bearing  program.  As  a  result,  the  power 
law  function  for  friction,  developed  previously  for  the  ball  bearing  pro¬ 
gram,  was  adopted.  The  roller  bearing  program  was  thus  developed  and 
solutions  for  all  eases  inputted  were  realized. 
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STABILITY  MAP  -  FRCTN  SUBROUTINE 
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*  -  Values  indicate  numhe  t  of  iterations  required  for  solution 
D  -  Divergence  in  iterative  p  rocets 


ANALYSIS  OF  SHEAR  FORCES _0 N  A  LUBRICATED,  HIGH-SPEED 
BEARING  RETAINER 


Until  recently,  very  little  attention  has  been  paid  to  the  effects  of  the  re¬ 
tainer  on  the  operating  characteristics  a  ball  or  roller  bearing  assem¬ 
bly.  A.  knowledge  of  the  forces  on  the  retainer  is  important  with  respect 
to  both  their  effect  on  the  dynamics  of  the  other  components  of  the  bear¬ 
ing  and  their  influence  on  the  life  of  the  retainer  itself 

In  this  section,  simplified  analyses  are  developed  to  estimate  the  shear 
forces  imposed  on  the  retainer  by  reta  ine  r- rolling  element  and  retainer- 
race  interactions  in  a  high-speed  oil-li’bricated  bearing  assembly.  These 
analyses  require  geometry,  speeds,  lub rica nt  p rope rtie s ,  and  normal 
loaning  as  inputs,  and  are  intended  to  provide  relationships  to  be 
ir.ee  *-po  rated  as  subroutines  in  a  bearing  dynamics  anal/sis.  Consider¬ 
ation  is  given  to  ball  and  roller  bearings. 

Traction  and  Load  Analyses  lor  Retainer- Ball  Contact 

Simplified  relationships  may  be  presented  for  predicting  the  shear  forces 
on  tilt?  retainer  when  in  hydrodynamic  contact  with  a  ball.  A  schematic  for 
a  single  bail  in  its  pocket  is  shown  in  Figure  t8,  The  ball  imparts  a 
normal  load  W  (o  the  retainer  in  the  direction  of  orbital  motion.  For 
an  angular  contact  bearing  having  angular  velocity  components  if]  and 
Si  ^  ( it  ^  is  neglected)  and  a  given  lubricant  and  given  geometry,  it  is 

desired  to  determine  the  relationship  between  the  vertical  and  circum¬ 
ferential  tractive  forces  Fj  and  F ;>  and  the  load  W. 

Le veU  pmont  of  Analysis 

Th  analysis  of  the  ba  11  -  reta  ine  r  contact  will  start  with  a  (ow  basic 

a  s  s nm pt ion 5 : 


i.  Hydrodynamic  forces  at  the  contact  can  bo  described  by 
Reynolds  equation  for  steady,  isoviseous,  incompressible, 
laminar  flow. 

The  radial  clearance  C  is  assumed  large  compared  with 
the  minim  m  film  thickness  hn  and  small  compared  with 
the  ball  ran. us  it  j. ■ . 

j.  The  ball  -  reta  ine.  r  contact  will  no  considered  rigid  as 

Oj. posed  If  FUJ). 


hi 


The  Reynolds  equation  for  steady,  isoviscous,  incompressible  flow 
is  given  by 
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(150) 


If  hQ/C  <  '  1.  the  load  will  be  supported  in  a  very  small  legion  in  the 
neighborhood  of  the  point  of  contact  (x  =  y  -  0).  Each  of  the  surfaces 
can  be  represented  by  its  quadratic  approximation  thus  giving  a 


film  thickness  shape  of  the  form 
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or  approximately. 
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The  surfai  e  velocity  uv  is  given  by 

Uy  ^ 

RfR, 

and  if  hr,/ C  is  snia  1 

the  velocity  Uy.  may  be  approximated  by  the  constant  value  Uy  -  R  i  2  j  . 

Equations  (ISO)  and  (IS!)  may  be  put  into  convenient  dimensionless 
form  by  substituting  the  dimensionless  variables 
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for  th'  respective  dimensional  quantities  in  equations  ( 1  b  U )  and  {  )  5  1 ) 
to  obtain  the  equation 
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(1  5Z) 


In  accordance  with  assumption  (2),  terms  of  order  / t/R  are  neg¬ 
lected  to  obtain  the  approximate  form  of  Reynolds  equation 
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(15  3) 


The  usual  downstream  separation  condition  is  imposed  on  Equation 
(153),  which  requires  the  pressure  and  pressure  gradient  to  vanish 
simultaneously  at  some  point  downstream  of  the  center  of  contact 
f  -  3  I  (t|).  lienee. 
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(154) 


C  '  -  (n). 

V/ e  may  now  integrate  Equation  (153)  with  respect  to  ■  subject  to  the 
boundary  condition  g'ver.  by  Equation  (1  54)  to  obtain  the  equation 
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(155) 


It  can  be  seen  that  the  pressure  gradient  dies  out  at  1  / as  ?  be¬ 
comes  large.  The  upstream  edge  of  the  retainer  x  -  -  tr/2 
corresponds  to  a  value  of  ?;  -  tr/  (2  /  2  Rh0).  which  will  be  much 
larger  under  the  general  range  of  conditions  of  interest  than  the 
value  of  ?  rei)uired  lor  the  pressure  to  approach  its  limiting  value; 
hence,  we  may  invoke  the  boundary  condition 
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(156) 


The  results  of  this  analysis  will  thus  be  independent  of  the  width 
of  the  retainer.  The  two  constraints  imposed  by  Equations  (154) 
and  (1  5f>)  a  ro  stiff  ci cut  for  determining  the  constant  of  integration 
associated  with  Equation  (155;,  the  separation  point  (^),  and 
hence  the  pressure  profile  fa  (’1). 

The  pressure  profile  satisfying  Equations  (154)  and  (155)  is  given  by 
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and  :  |  (r,)  is  determined  from  Equation  (156).  The  result  is  given 
below- : 


c,  be  0  4751 


(158) 


Ei_lm  Thickness- Load  Relationship  for  Reta  i  ne  r-  Ba  1 1  Ontartg 

The  dimensionless  pressure  profile  at  rj  -  0  1  p  (f ,  0)  j  is  shown 

graphically  in  Figure  19.  It  can  be  seen  that  the  pressure  dies  out 
rapidly  in  the  inlet  region  and  at  r  -  3  is  10  percent  ol  its  peak 
value.  Hence  the  error  in  pressure  introduced  by  cur  upstream 
bounda  ry  a  pp  rox  ima  ti  on  will  be  small  if  t  r  /  (2/ 2  Tfh~0)  >3. 

The  pressure  at  any  value  of  r,is  giver,  by 
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Fiacre  I ,J .  Dimensionless  Pressure  Profile  for  Ball  -  Re  ta  i  tie  r  Contact  (f|  -  0) 


Equation  (159)  may  be  integrated  with  respect  to  F  over  the  interval 
-  f  I  <  F  to  obtain  the  dimensionless  load  per  unit  length  P  . 
which  is  given  by 


0.2040  (1  '  Y) 


and  the  total  dimensionless  load  W  may  be  obtained  by  integrating 
P  (r,)  over  all  q  (-•*■  q  <  *-) .  It  can  be  shown  that  the  error  intro¬ 
duced  here  will  be  of  the  order  of  /  h  /  C . 

The  dimensionless  load  \V  ip 
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and  the  load-film  thickness  relationship  in  terms  of  physical  param¬ 
eters  is 


(160) 


Traction  Relationships 


The  shear  stress  relationships  on  the  retainer  consistent  with  lub¬ 
rication  theory  for  isoviscous,  incompressible  flow  are  as  follows: 
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The  above  equations  may  be  put  in  their  dimensionless  form: 
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The  fi  rst  term  on  the  right  side  of  Equation  ( 1  6Z)  is  of  the  order  /C  /  K  £ 
and  will  be  neglected.  Equation  (165)  may  be  used  to  replace, 
the  pressure  gradient  appearing  m  Equation  (161). 


The  resulting  shear  stress  equations  arc 
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a  nd 
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(164) 


The  shear  stresses  die  out  as  the  reciprocal  of  the  square  of  the 
coordinate  variables  as  they  get  large.  If  integrated  over  an  in¬ 
finite  area,  the  tractions  will  diverge  logarithmically.  Rather  than 
introduce  new  parameters  into  the  system  to  limit  the  area  that 
stresses  act  upon,  it  is  convenient  to  define  an  effective  length  in  the 
y  direction  and  to  consider  vaiiations  in  shear  stress  in  the  x  direc  ¬ 
tion  only.  In  other  words,  an  effective  length  will  be  used  to  trc.it 
tl.e  traction  problem  as  one  of  lubricated  line  (rather  than  point) 
coma  ct. 

For  the  case  of  a  roller  bearing,  line  contact  would  actually  occur 
and  the  effective  length  would  be  the  flat  portion  of  the  roller. 

An  effective  length  for  a  ball  bearing  will  be  selected  by  examining 
the  variation  of  the  dimensionless  load  per  unit  length  P  with  the 
dimensionless  ri  rcumfe  rentia  1  coordinate  r>(  which  is  shown  in. 
Figure  ZO.  An  effective  dimensionless  length,  hcff  calculating 
load  can  be  defined  such  that  Pmax  heff  1  W*  which  corresponds 
to  a  value  of  t|  ^  M  or  an  effective  length  of  Lcff  =  J  2  nR  j  h^/C. 

This  effective  circumferential  length  is  used  to  calculate  the  dimen¬ 
sionless  tractive  forces: 
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dimensionless  coordinate 


The  hydrodynamic  tractions  may  be  expressed  in  terms  of  physical 
pa  ramete  rs  a s 
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where  Kj  -  2,436  and  I<2  -  12. 66, 

The  traction  formulas  presented  above  are  extremely  simple  to  use 
for  predicting  hydrodynamic  tractions.  Some  conside  ration  should 
be  given  to  the  predicted  film  thickness  and  surface  roughness  to 
determine  whether  or  not  the  contact  is  indeed  hydrodynamic. 

Since  the  retainer  ball  contact  is  a  concentrated  contact,  some  con¬ 
sideration  should  also  be  given  to  the  possibility  of  EHD  effects. 
Further  insight  can  be  obtained  here  with  the  use  of  a  numerical 
exam  pie. 


Our  numerical  example  will  deal  with  a  0.  5- inch  -  diam  et  e  r  ball  spin¬ 
ning  with  an  angular  velocity  of  il -  50,  000  rpm  in  a  retainer 
pocket  having  a  5 -mil  radial  clearance,  lubricated  with  a  2- 
centipoise- viscosity  oil.  When  EHD  effect";  arc  considered,  <1 
pressure  coefficient  of  viscosity  of  i0'^  in.  “/lb  will  be  used  and 
elastic  properties  will  be  taken  to  correspond  to  those  of  steel. 

Film  thickness  and  peak  pressure  versus  load  relationships  are 
shown  in  F’igure  21  for  rigid-h/d roci/namic  and  EHD  contacts. 

The  EHD  results  were  obtained  using  Hertz,  contact  and  Grubin's 
film  thickness  relationships.  Both  pressure  and  film  thickness  are 
shown  to  vary  much  more  rapidly  with  ioad  tor  rigid  contact.  At 
low  loads,  hydrodynamic  effects  spread  the  load  out  over  a  larger 
area  than  the  Hertz  contact  zone,  and  EHD  effects  will  be  small. 

At  loads  where  the  rigid  hydrodynamic  pressures  are  predicted  10 
be  much  higher  than  EHD  pressures,  EHD  effects  will  be  dominant 
and  the  analysis  presented  here  will  not  bo  valid.  It  can  be  seen, 
however,  that  the  film  thickness  at  that  point  as  predicted  by  either 
theory  will  be  of  the  same  order  of  magnitude  as  the  surface  rough¬ 
ness,  and  it  is  quite  likely  that  the  tractions  will  more  nearly 
approach  those  resulting  from  dry  friction. 
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Film  Thickness  a  nd 
Contact. 


Pressure  for  Pelai n.e  r- Ba  11 


The  above  arguments  indicate  that  a  reasonable  result  can  be  ob¬ 
tained  by  dividing  the  ball- retainer  tractions  into  two  regimes, 
rigid- hyd rodynamic  contact  and  dry  friction,  depending  on  the 
film  thickness.  A  critical  film  thickness  separating  the  two  re¬ 
gimes  may  be  dete rmined  from  the  surface  roughness.  We  may 
define  an  effective  surface  roughness  Seff  as 

Seff  =  +  SB 

where  and  refer  to  the  RMS  (root  mean  square)  surface 

roughness  of  the  retainer  and  ball  respectively.  When  1'o^eff  < 
in:reased  surface  distress  has  been  found  to  occur  foi  bearings 
undergoing  severe  sliding.  At  a  value  of  h0/Scff  =1.5,  consider¬ 
able  surface  distress  is  present  as  a  result  of  asperity  clashes. 
We  will  thus  define  our  critical  film  thickness  hc  for  dry  friction 
based  on  surface  distress  data  as: 

hc  =  1.5  Soff 

The  resulting  ball- retaine  r  traction  formulas  arc 
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where  K  deriotes  coefficient  of  tril  lion  and  h0  is  calculated  from 
Equation  (  1  60).  A  reasonable  value  for  h  is  10  m  ic  roinche  a. 


7  4 


The  variation  of  Fj  with  W  for  our  numerical  e>amp'e  is  shown  in 
Figure  22,  Inspection  of  this  figure  indicates  that  mr  practical 
purposes  there  is  essentially  no  friction  until  a  threshold  load  for 
Coulomb  friction  is  reached.  The  retainer  dynamics  wil'  thus 
probably  be  much  more  sensitive  to  the  film  thickness  formula, 
Equation  (1  60),  than  the  hydrodynamic  traction  formulas.  It  should 
be  noted  that  the  film  thickness  formula  does  not  contain  the  effec¬ 
tive  line  contact  assumption  that  was  used  in  developing  the  traction 
formulas  and  hence  should  be  le3s  prone  to  error. 

Tractions  fo  r  Reta  ine  r- Kollo  r  Contact 

The  film  thickness-load  relationship  and  the  traction  relationship  for  the 
reta  ine  r- roller  contact  can  be  obtained  from  the  formulas  already 
presented  for  the  rota  in  e  r- ba  11  contact.  The  pressures,  shear  stresses, 
and  normal  and  tangential  forces  per  unit  length  for  the  retaine  r-  roller 
contact  will  be  the  same  as  those  acting  at  y  -  0  for  the  reta  ine  c- ball 
contact.  The  forces  for  the  reta  ine  r- rolle  r  contact  are  simply  the  forces 
per  unit  length  for  the  retainer-ball  contact  at  y  -  0  multiplied  by  the 
length  /  of  the  roller.  The  equations  obtained  in  this  manner  are: 
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where  K1  -  2.447,  K',  =  0.  '3482. 

Film  thickness  and  peak  pressure  versus  load  relationships  for  a  roller- 
retainer  contact  are  shown  in  Figure  23.  The  lines  are  drawn  in  a 
manner  analogous  to  those  in  Figure  21,  and  the  input  parameters  are 
the  same  except  for  the  additional  input  of  the  length  of  the  roller  L  '  3/8 
inch.  Comparison  ot  Figures  21  and  23  indicates  that  the  pressures 
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Figure  Traction  Versus  Load  for  Ball  and  Holler  Contacts. 
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F  i  g  u  r  e  2.  3  . 


will  be  lower  and  the  retainer- rolie  r  contact  will  tend  to  be  hyd  rodynarnic 
at  somewhat  higher  loads  than  in  the  retaine r- ball  contact.  In  other 
respects  the  two  figures  are  qualitatively  similar,  and  it  should  suffice 
to  use  the  same  criteria  used  in  arriving  at  Equation  (166)  to  obtair.  the 
relationship 
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Tractions  calculated  from  Equation  (166)  are  shown  in  Figure  22. 

Lubrica  nt  Drag  Between  Retainer  and  Race 

A  c  ros  s  -  sectional  schematic  of  the  retainer  and  races  is  shown  in 
Figure  24.  At  the  high  speeds  of  interest  here,  the  flow  between  the 
retainer  and  the  races  should  be  turbulent  and  the  shear  stress  on  either 
surface  can  bo  approximated  by 
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where  p  is  the  fluid  density,  Vj  is  the  absolute  value  of  the  relative  ve¬ 
locity  between  the  retainer  and  race,  j,  and  is  the  triction  factor  for 
flow  between  the  retainer  and  race,  j.  The  friction  factor  will  in  general 
be  a  function  of  the  Reynolds  number  Jj. 


V|  H,  P 


78 


It  will  be  assumed  that  the  spacin'*  bitween  the  retainer  arid  the  guiding 
surfaces  of  each  race  is  flooded  with  oil.  We  will  use  the  friction  fac¬ 
tor  relationship  for  Couette  flow  given  by 
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The  net  drag  force  on  i.ie  retainei  in  the  grooved  region  should  be  small 
in  comparison  with  the  drag  forces  between  the  guiding  s  urfa  c  a  s ,  s  inc  e 
the  flow  cross  section  is  larger  and  the  region  will  probably  not  be 
flooded.  The  drag  force  on  the  retainer  will  thus  be  calculated  based  on 
the  area  of  the  guiding  surfaces  (Aj). 

The  net  force  on  the  retainer.  F  p,  is  given  by 
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and  will  in  general  act  in  the  direction  of  the  relative  velocity  of  the 
guiding  race  with  respect  to  the  retainer. 

It  should  be  noted  that  when  the  retainer  is  under  load  it  will  be  oper¬ 
ating  with  a  high  eccentricity  with  respect  to  the  guiding  race.  It  is 
doubtful  that  the  retainer  -  race  contact  can  support  a  significant  amount 
of  load  hydrodynamically  (as  appears  to  be  the  case  for  the  retainer- 
oaii  contact)  because  ol  the  large  clearances  and  resulting  small  area 
of  effective  contact.  It  is  thus  recommended  that  a  tractive  force  due  to 
Coulomb  friction  be  added  to  Fp  to  obtain  the  total  tractive  force  on  the 
reta  me  r. 
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P ra  g  o i.  Ball  /  Roll e  r 

The  accurate  computation  of  viscous  drag  on  the  ball  requires  a  somewhat 
more  detailed  knowledge  of  the  flow  field  than  is  currently  available. 

Drag  formulas  are  available  for  unconfined  motions  of  bodies  of  various 
shapes.  The  flow  in  a  ball  bearing  assembly  is  highly  confined;  however, 
it  is  quite  likely  that  both  raceways  are  not  flooded  and  the  flow  pattern 
will  be  quite  complex. 


Figure  25  shows  the  cross  section  to  be  considered  in  estimating  drag 
for  the  case  of  a  ball  bearing.  In  general,  conformity  is  such  that  the 
major  open  channel  for  flow  will  be  that  existing  between  the  retainer 
and  race  2  shown  in  the  illustration.  If  we  assume  that  all  the  flow  past 
the  ball  occurs  around  the  shaded  region  and  treat  this  region  as  a  cyl¬ 
inder,  the  drag  force  on  the  bail  I'r)  will  be  given  by 


F 


D 


CD  A3 


where  A^  is  the  projected  shaded  region  and  V3  is  the  linear  orbital 
velocity  of  area  A-j.  As  a  result  oi  the  highly  approximate  nature  of 
these  calculations,  it  will  suffice  to  take  A3  to  be  ^  to  be 

the  orbital  velocity  of  the  ball  Vc  and  a  characteristic  drag  coefficient 
of  C  jj  -  1  for  flow  past  ?  cylinder  to  obtain  the  formula 


FD  =  PREH2Vo 


(17*) 


O  \ 
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VKRJFICaTION  TEST  PROGP4M 


TK.sr  RTG  [ )  FSC  RI PTION  AND  OPER  ATI  ON' 

The  test  rig  used  m  this  program  is  shown  in  Figure  26,  The  rig  sim¬ 
ulates  a  lOO-millimcter  power  turbine  bearing  and  seal  package,  and  it 
is  capable  of  ope  rating  at  speeds  to  30,000  rpm  with  1  500°  F  air  temper¬ 
ature  and  250  psig  air  pressure  outside  the  package.  The  test  rig  is 
driven  bv  an  8-inch  steam  turbine  rated  a!  100  horsepower  at  30,000  rpm. 
A  2:1  speed  incrcaser  was  installed  between  the  turbine  and  the  test  rig. 

A  pictuie  of  the  test  facility  is  shown  in  Figure  27.  Photographs  of  the 
test  rig  are  shown  in  Figures  28  and  29. 

The  test  rig.  Figure  26,  incorporates  the  1 00-miHiniete  r  hearing,  a 
1  09-n  illimote  r  radial  load  bearing,  and  a  55-millimeter  support  bearing 
package.  When  a  roller  bea  ring  was  installed  in  the  test  position,  a  bail 
bearing  was  used  in  the  support  position  for  axial  positioning  of  the  shaft. 

The  axial  load  for  the  ball  bearing  was  applied  during  the  test  by  creat¬ 
ing  a n  air  pressure  differential  across  the  thrust  load  wheel.  The  mag¬ 
nitude  of  the  axial  load  was  accurately  controlled  by  modulating  the 
differential  pressure  across  the  wheel  area.  Axial  thrust  load  as  a 
function  of  air  pressure  differential  is  plotted  in  Figure  30  .  The  radial 
load  on  the  test  bearing  was  obtained  by  applying  a  force  to  the  load 
bea  ring.  The  housing  of  the  load  bearing  is  attached  through  a  rod  to  a 
hydraulic  piston.  The  housing  is  not  restrained  radially  but  is  prevented 
1  rom  rotating  by  the  loading  rod,  which  is  st-ain  gaged  to  measure  the 
applied  radial  load.  The  support  bearing  package  of  the  test  rig  was 
adapted  from  existing  engine  hardware  (T53-L-  13,  No.  2  bearing  paek- 
a  gc). 

In  the  main  bea  ring  test  package,  a  ca  rbon  labyrinth  was  used  to  restrict 
the  thrust  wheel  pressurization  air  from  flowing  into  the  bearing  package. 
The  load  bearing  was  lubricated  by  one  jet  of  0.050  inch  diameter,  lo¬ 
cated  on  the  forward  side  of  the  load  bearing.  The  tesi  bearing  was  lub¬ 
ricated  by  two  jets  of  0.035  inch  diameter,  one  located  on  each  side  of 
the  test  bearing.  The  oil  supply  to  the  load  and  to  the  test  bearings  was 
controlled  independently. 

The  oil  used  for  the  testing  wa?  Mil,-  L-  23699,  supplie  d  by  the  Air  Force 
Aero  Propulsion  laboratory,  oil  code  0-64-2.  Physical  properties  for 
this  batch  are  listed  in  Table  V. 
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The  following  parameters  were  measured  and  controlled  during  test  rig 
ope  ration: 


1. 

2. 

'3. 

4. 

5. 

6. 

7. 

8. 

9 

1  0. 
11. 
1  2. 
1  3. 

1  4. 


Oil  flow  to  the  bearings,  pph 
Oil  temperature  in  and  out,  °F  1 
Oil  pressure  in  and  out,  psig  f 
Ecaring  cavity  pressure,  psig 
Bearing  cavity  temperature,  °F 


(test  bearing) 


(outside  test  bearing  package) 


Air  temperature,  F 
Air  pressure,  psig 
Inner  and  outer  race  temperatures,  °F 
Axial  load,  lb 
Radial  load,  lb 
Shaft  speed,  rpm 

Vibration  level  (at  test  bearing  housing) 
Chip  detection 
Cage  speed,  rpm 


The  special  instrumentation  package  for  men  «u  ring  retaine*'  dam  was 
cantilevc  1  od  off  the  rig  housing  (Figure  26).  The  retainer  drives  the 
inst  ruinentalion  package,  which  consists  of  •:  ,  *,plexer  and  mercury 

slip  rings.  The  multiplexer  bearings  are  oil  mist  lubricated  and  air 
cooled.  The  mercury  slip  ring  bearings  are  self-contained  and  grease 
packed. 

A  schematic  of  the  test  rig  facilities  is  shown  in  Figure  31.  Typical 
■:-ta  sheets  ire  shown  in  Figure  32. 
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TABLE  V.  PHYSICAL  PROPERTIES  OF  MIL-L-23699  OIL, 
CODE  0-64-2 


MATERIAL  EXAMINATION  REPORT 

MATERIALS  LABORATORY  0  6, 

AVCO  LYCOMING  DIVISION  Lab  No, 


Lot  No. 

1 

_ _ J 

P,  o. 

R.  R. 

Quantity  1  at 

1 

Date  4/28/70  | 

Batch  No. 

Mfr:s  Dsgn. 

Date  of  Synthesis 

Specification  MIL-  L- 

23699 

Vendor 

F  rom 

Condition 

TEST 

REQUIREMENTS 

VENDOR 

LYCOMING 

DISP. 

VioCOF'ty  at  100° 

25  cs  min 

27.  71 

Accept 

Vi  scos  ity  at  210°  F 

6.  0  to  5.  5  cs 

5.  91 

Reject 

Flash  Point,  min 

4  90°  7 

490 

See 

Pour  Point,  max 

-6  5-  F 

L-6  5 

Note 

Evap.  I,o 6  s  ,  400°  F/ 

6  h  r 

1  0 'fo  max  by  wt 

8.  3 

Color,  ASTM 

Repo  rt 

3 

Foam,  max,  75°  F 

20  b"  F 

7  5°  F  after  200°  F 

Volume  /  collapse 
25  ml/1  minute 

2  5  ml/1  minute 

25  ml/1  minute 

15/45  sec 

5/4  sec 
10/20  sec 

V  i  s  ua  1 

T  ranepa  re.P,  Unilonri 
No  sediment,  etc  . 

Clea  r 

Neutralization  No. 

0 .  50  max 

.  1  2 

"F'1  Rubbei  Swell,  V., 
400°  V  Hi  hr 

+  10  to  4  25 

2  3.  5 

C  ra ch  ing  l.n f'-e  r  \  ■'..eon 

Nwne 

None 

T  ra  ce:  Sediment 

.  005  ml 

<-  .  005 

By 

Da  t 

e  5/25/70 

.... 

_ . 

_ 

- 

NOTE:  Infrared  in-Jicaten  matt-rial  to  be  similar  to  Mobil  Jet  II 


SUPPORT  BEARING 
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igure  31.  Test  Rig  Facilities;  Schematic 


TEST  BEARING  DESCRIPTION 


Ball  Bearings 

The  ball  bearings  used  for  the  test  program  are  typical  of  main  shaft 
thrust  bearing  designs  of  aircraft  gas  turbine  engines.  The  bearing  de¬ 
sign  is  of  an  angular  contact,  split  inner  ring  configuration  with  a  one- 
piece,  machined,  oute r- land- piloted  retainer.  Complete  design  details 
are  given  in  Figure  33  (PSK  18123).  Some  modifications  to  the  test 
bearing  were  made  to  obtain  desired  inner  and  outer  race  surface 
texture. 

One  test  bearing,  S/N  003,  was  reworked  to  produce  a  race  surface 
roughness  of  5AA  maximum;  another,  S/N  006,  was  reworked  to  pro¬ 
duce  a  race  surface  roughness  of  1  kvA  maximum.  This  rework  was 
done  in  order  to  evaluate  the  effect  of  surface  texturc/EHD  film  inter¬ 
action  upon  bearing  performance.  Calculations  indicate  that  the  film 
thickne  s  s  -  to- composite  surface  roughness  factor  for  the  5AA  finish  bear¬ 
ing  at  100°  F  oil- in  temperature  and  20,000  rpm  is  greater  than  4.0,  and 
consequently  the  bearing  would  operate  with  full  film  separation  of  the 
contacting  surfaces.  In  contrast,  the  bearing  with  the  24AA  surface 
finish  would  have  a  film  thickne  s  s  -  to- c  omposite  surface  finish  factor  of 
less  than  1 .  u  at  20CGF  oil-in  and  20,000  rpm,  and  it  should  operate  with¬ 
out  full  film  lubrication,  i.  e.  ,  with  boundary  lubrication. 

Modifications  to  the  retainer  were  also  required  to  facilitate  the  placement 
of  strain  gages  for  pocket  load  measurements  Undercuts  were  machined 
into  three  adjacent  pockets  as  indicated  in  Figure  34  (PSK  17438).  The 
undercuts  provide  a  recess  in  he  pocket  to  prevent  contact  of  the  strain 
gages  with  the  ball,  ai  d  also  increase  the  flexibility  of  the  cross  beam 
section  to  produce  measurable  strain  levels  for  load  measurements  under 
the  anticipated  force  levels. 

A  complete  pretest  dimensional  inspection  of  the  test  bearings  was  per¬ 
formed  on  critical  dimensions  and  characteristics.  Clearances,  surface 
textures,  groove  radii,  race  runouts,  etc.,  were  measured  and  recorded, 
and  are  presented  in  Table  VI  and  Figures  35  through  42. 

Poller  Bearings 

The  roller  bearings  emuloyed  for  the  test  progiam  are  also  typical  of 
main  shaft  ga:  turbine  designs.  The  bearings  incorporate  cylindrical 
rollers  in  a  one-piece,  machined  retainer  that  is  piloted  on  inner  ring 
shoulders.  Bearing  details  are  presented  in  Tabic  VII. 
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Test  retainer  modifications  similar  to  the  ball  bearing  retainer  modifica¬ 
tions  were  required  to  provide  for  strain  gage  placement  and  suitable 
beam  flexibility  to  facilitate  measurement  of  the  pocket  loads,  as  de- 
->iood  in  Figure  43.  Here,  also,  a  complete  pretest  dimensional  inspec¬ 
tion  was  performed  on  the  critical  characteristics  of  the  bearing.  Re¬ 
sults  a  .  e  p  resente  1  ir,  ’  igu  res  44  th  rough  47  . 
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Rail  Bearing  PSK  13123 


TABLE  VI.  TEST  BALL  BEARING  INSPECTION  DATA, 
DETAIL  INTERNAL  GEOMETRY 


Outside  Diameter  (in. ) 

Ina.de  Diameter  (in  ) 

Ball  Diameter  (in.) 

Inner  Race  Finish  (AA) 

Outer  Race  Finish  (AA) 

Ball  Finish  (AA) 

Interna)  Clearance  (in.) 

Inner  Race  Groove  Radius 
(th  ru9t) 


Bearing-  S/N 


003 

006 

5110/5. 5109 

5.  51163/5  oll62 

9360/3. 93596 

3.  9366,  3.  93665 

.  63105 

.  53103 

4-  5 

30-35 

4-5 

24 

2.  5 

.  0050 

.  0045 

.  2728 

. 27676 

.  2728 

.  27  5  3 

Outer  Race  uroove  Radius 

Inner  Race  Groove  Radius 
(north  rust) 


.  2741 


.  2767  6 


TABLE  VU.  ROLLER  BEARING  ENGINEERING 


Lycorv  ng  Icont  If  icaticn 
Bearing  Application 
Bearing  Typa 
RBBC  C-rade 

Bearing  to  Confurm  to  l.yroning  Specifications 


Ou'  side  Diameter 


i-"M: r  of  Rollers 
Roller  Diameter 
f  > 1 1 1; r  length 
seller  Bitch  Dianeter 
Roller  Diameter  Variation 
Roller  Length  Variation 
Roller  Br.d  Radius 
Roller  Crown  Radius 
Roller  Kia*  length 

Roli>;r  Kn-lt-  Square  to  Outside  Disi  eter 
parallelism  of  Roller  Active  Surf  ce 
Diametral  Clearance  under  il-lb  -age  i/attd 
Inner  K*.ng  Shoulder  Height,  i  -  K  ller  Diameter 
Outer  Ring  Shoulder  Height,  4  •  f  Roller  Diameter 
Inner  Ring  Shoulder  Diameter 
Outer  Ring  Shoulder  Diameter 
Cross  Corner  Dimension 


.-•non  1  iters  r,nd  Kiev 


MRC  R  -  19  20  -C 


P8903.  E  -1004 


100  MM 


140  MM 


20  MM 


28 _ 

1  1  MM  =  .4331 
1  1  MM  -  .433  1 
4 . 7 244  Ref. 

t  ■ 000025 
+_  .  0001 

’.030/. 040 
35.0  ” 

.  144/. 271 

ToooT 

. 000050 


4.47Q/4. 469 
N  A 


Preceding  p<jgs  hank 


TABLE  VII  -  Continued 

Holier  end  Ring  Material 

SAE  52  100  Steel 

Roller  and  Ring  Hardness 

R  58-62 

Retainer  Material 

Bronze 

Retainer  Hardness 

Retainer  Plating 

AMS  2412 

Retainer  Plating  Thickness 

.0005/. 0015 

Material  Stabilized  to  Operate  at. 

-65u  to  -i  350‘V 

Pilot  Surface 

Inner 

Pilot  Clearance  (Total  Diametral) 

rrnnrT  .u  rs - 

Roller  Axial  Pocket  Clearance 

. 010/ .015 

Roller  Circum.i  erential  rocket  Clearan.o 

.007/. 012 

Minimum  Retainer  Pocket  Corner  Radii 

Retainer  Pace  to  Bearing  Face  Clearance,  Hin.  End  Play  Removed 

Roller  Pocket  Location  in  Retainer  -  Axially 

.  00  1  min 

Roller  Pocket  Ideation  in  Retainer  -  Circumferentially 

Minimum.  Retainer  Web  Section 

Minimum  Retainer  Land  Width 

Retainer  Pilot  Surface  Runout 

Retainer  O.D.  to  Bore  Concentricity 

Type  of  Retention 

Snap-In  Type 

!  Max/Min  Diameter  over/dnder  Roller 

Minimum  Roller  Drop 

Runout  of  Outer  Ring  Shoulder  Diameter 

Runout  of  Inner  Ring  Shoulder  Diameter 

Note:  Cage,  Inner  Race  and  Rollers  are.  Honseparablc. 
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1  Figure  4*».  Roller  Bearing  Outer  Race  Surface  Finish. 
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J'  igure  4  i  .  Roller  nearing  Inner  Race  Surface 
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INSTRUMENTATION 


Instrumentation  was  incorporated  in  the  bearing  retainer  test  vehicle 
(P/M  TE  Z I  869),  f  igure  48,  to  measure  the  following  key  parameters: 

1.  Inner  race  temperature  -  L  F 

2.  Outer  race  temperature  -  °F 

3.  Bearing  retainer  speed  -  rpm 

4.  Inner  race  speed  -  rpm 

5.  Radial  load  on  bearing  -  lb 

6.  Force  exerted  by  ball/rollcr  on  the  bearing  retainer  pocket  -  lb 

7.  Ball  attitude  and  three-axis  rotational  velocity  (ball  bearing  test  only) 

8.  Torque  exerted  on  the  retainer  by  slip  ring  drag  and  inertia  -  in.  -To 

9.  Bearing  retainer  and  torque  element  temperature  -  °F 

Items  1  through  7  were  required  to  compare  test  result*-!  with  the  computer 
program  output.  Item  5  was  a  measurement  duplication.  Radial  force 
was  applied  through  a  hydraulic  rarn  with  a  known  cross-sectional  area 
with  a  known  pressure.  Item  7  was  to  provide  an  instantaneous  ball 
attitude  readout.  Item  8  was  to  measure  and  divorce  the  effects  of  slip 
ring  and  associated  hardware  from  the  retainer  data  required  by  Item  6. 
Item  9  was  to  evaluate  the  effects  of  the  retainer  environment  on  Items 
(>  through  8. 

A  description  of  each  item  of  instrumentation  follows: 

1  Inner  Race  Temperature  -  Inner  race  temperature  measurement  on 

both  the  bearing  under  study  and  the  loading  bearing  was  accomplished 
by  embedding  thermocouples  in  the  shaft,  which  provided  intimate 
contact  between  tne  thermocouples  and  the  bearing  inner  race  bore. 

2.  Outer  Race  Temperature  -  Outer  lace  temperatures  were  measured 
using  standard  bayonet-type  thermocouples  in  intimate  contact  with 
the  outer  race  outer  diameter. 

3.  Ball  Retainer  Speed  -  Speed  was  measured  using  a  magnetic  pickup 
sensing  rotation  of  the  slip  ring  shaft,  which  was  directly  coupled 
lo  the  slip  ring  driving  plate.  The  slip  ring  shaft  was  manufactured 
with  five  small  lobes  and  one  large  lobe.  This  large  lobe  produced  a 
magnetic  pickup  output  greater  than  the  other  live.  The  angular 
relationship  between  the  large  lobe  and  the  location  of  the  instrumented 
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ball  bearing  pockets  was  known,  as  was  the  relationship  between  the 
stationary  magnetic  picknp  and  the  poirt  cf  application  of  the  radial 
load.  A  means  was  thereby  provided  t  :>  relate  the  speed  signal  to 
the  angular  position  of  the  retainer  pockets  under  study  and  conse¬ 
quently  the  ball  loading  cycle.  In  the  first  test.;,  a  strain  gage  was 
attached  to  the  outer  race  to  detect  ba  .1  passing  frequency,  which  is 
also  a  function  of  retainer  speed. 

4.  Inner  Race  Speed  -  A  magnet  picku*.  .vas  used  to  detect  the  speed  of 
a  gear  directly  coupled  to  the  shaft  supporting  the  rotating  inner 
race. 

5.  Radial  Load  on  Bearing  -  A  hydraulic  piston  was  used  to  apply  radial 
loads  to  the  bearing.  The  shaft  between  the  piston  loading  bearing 
was  instrumented  with  a  lou  r-acti  ve-a  r;n  strain-gage  bridge  and  was 
deadweight  calibrated.  A  pressure  gage  was  installed  in  the  line 

to  the  piston  for  cross  checking  the  force  on  the  loading  bearing. 

6a,  Ball  Force  on  Bearing  Retainer  -  To  measure  the  force  exerted  by 

the  ball  on  the  retainer  web,  two  webs  were  reworked  to  accommodate 
the  strain  gages  and  increase  the  strain  sensitivity.  The  two  re¬ 
worked  webs  were  strain  gagod  with  two  fully  active  four-arm  bend¬ 
ing  bridges,  Figure  49  .  The  inside  of  the  reworked  web  was  chosen 
for  strain  gaging  over  the  outside,  as  shown.  A  photoelastic  model 
was  used  to  determine  the  optimum  location.  The  model  showed  the 
outside  to  be  more  cro38  sensitive  to  other  cage  loadings  (i.  e.  ,  a 
ball  pushing  axially  on  the  cage  would  cause  larger  outputs  at  the 
outside  of  the  web  than  at  the  inside).  The  strain  gage  bridges  were 
calibrated.  The  first  retainers  were  designed  for  a  maximum  strain 
sensitivity  for  a  50  pound  ball  load.  At  the  time  the  retainer  instru- 
nentation  was  '’esigned,  accurate  estimates  of  ball  forces  were  not 
available,  and  50  pounds  was  selected  arbitrarily  with  the  knowledge 
that  the  retainer  could,  if  found  loo  insensitive,  be  reworked  and  made- 
more  sensitive.  Later  retainers  were  modified  for  a  maximum  strain 
sensitivity  at  25  pounds,  based  on  prelirmnary  results  of  retainer 
ball  load  measurements. 

6b.  Roller  Force  -  The  same  type  of  strain  gage  instrumentation  employed 
in  the  ball  force  measurements  was  used  in  the  roller  force  measure¬ 
ment  except  that  the  rework  to  the  retainer  was  only  to  accommodate 
the  strain  gages,  not  to  increase  its  strain  sensitivity,  as  the  webs 
were  already  thin  enough  for  good  strain  sensitivity. 
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Figure  4't.  Bui]  Bearing  Retainer  Bt  rain -Gage  Location  and  Rework. 

Top:  Two  additional  at  rain  gages  are  opposite  the  two  shown, 
and  the  four  gages  are  wired  on  a  four-arm  bending  bridge. 
Bottom  Left:  View  looking  down  through  retainer  ball  pocket 
show's  two  instrumented  retainer  webs,  each  having  n  four- 
active-arm  bending  bridge.  Bottom  Right:  Overall  view  of 
strain-gaged  bull  retainer  pocket  webs. 


Rail  Bearing  Attitude  -  Each  teat  ball  bearing  retainer  was  instru¬ 
mented  with  two  sets,  three  per  set,  of  Hall  generators  (  F.  W.  Bell 
Inc.  Model  105-225).  These  generators  were  not  standard.  They 
were  built  for  Lycoming  in  the  smallest  size  practical  (0.050  by 
0.060  inch).  The  temperature  resistance  was  also  increased  from 
200°  F  for  standard  items  to  248°  F  for  this  application.  The  vendor 
supplied  the  characteristics  for  each  generator. 


A  Hall  generator  is  a  device  whose  voltage  output  is  p  ropo  rtional  to 
a  current  input  and  the  magnetic  field  to  which  the  Hall  generator  ic 
subjected  (see  sketch  below): 


where 

Ic 

12 

6 


VH  ot  I,  B  (cos  6) 
Hall  voltage 
Hall  control  current 
magnetic  flux 
ancle  between  I  and  R 

t  * 


If  the  control  current  (lc)  is  held  constant,  the  voltage  ( V j j )  is  pro- 
port’onal  to  the  magnetic  field  to  which  the  Hall  generator  is  subjected. 
Unlike  generation  of  a  voltage  in  a  conductor  through  changing  flux 
fields,  the  Hall  requires  no  change  in  flux. 


Hall  Voltage 
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As  originally  proposed,  three  mutually  perpendicular  Hall  generators 
would  sense  the  magnetic  field  strength  of  a  magnetized  ball,  making 
it  possible  to  determine  angular  location  at  any  instant  in  time.  This 
was  a ccomplished  by  producing  magnetic  poles  at  90  degrees  to  one 
another.  While  more  than  one  set  of  90-degree  poles  is  possible,  it 
was  believed  the t  the  resulting  confusion  and  effort  required  to  keep 
track  of  similar  poles  would  not  be  justified.  With  this  arrangement 
(one  set  of  90-degree  poles),  only  about  2  5  percent  of  the  surface  of 
the  ball  has  a  field  strength  sufficient  to  be  detectable  by  the  Hall 
generators,  using  the  planned  generators  and  ball  material.  To 
increase  the  time  during  which  the  ball  magnetic  field  could  be 
sensed,  the  Hall  generators  were  installed  in  line  at  the  ball  contact 
point  on  the  retainer,  in  slightly  recessed  slots.  With  the  Hall  gen¬ 
erator  and  tall  bearing  material  used  (V!50),  sensitivities  were  so 
low  that  the  ball  cits  ranee  had  to  be  reduced  to  0.005  inch.  Figure 
50  show's  the  Hall  generators  in  place. 

Prior  to  installing  the  instrumented  retainer  and  magnetized  balls  in 
the  test,  rig,  each  ball  was  mapped  to  describe  the  magnetic  field  in 
terms  of  a  Hall  generator  output  versus  ball  position  (Figure  51). 

This  mapping  was  to  be  transferred  to  a  large  three-dimensional 
mud  el  of  flit  ball.  Scale-model  Hall  generators  could  then  be  used  to 
determine  the  angular  position  of  the  ball  by  rotating  the  model  ball 
until  three  voltages  obtained  from  testing  matched  the  three  model 
ball  voltages.  This  position  described  by  three  voltages  would  be 
unique.  It  would  describe  the  angular  position  of  the  ball  with  respect 
to  the  retainer.  This  process  repeated  at  defined  small  time  intervals 
over  small  azimuth  angles  would  provide  three-axis  rotational  ve¬ 
locities  at  these  angles. 

Preliminary  static  and  low-speed  laboratory  teats  indicated  the  idea 
to  be  feasible.  In  one  test  a  magnetic  ball  was  calibrated  as  outlined 
in  Figure  51.  The  bail  was  spur,  in  a  lathe  and  the  output  was  observed. 
The  output  was  as  expected.  In  another  test  the  magnetic  ball  was 
placed  in  an  instrumented  retainer  pocket  and  rotated  slowly  by  hand 
using  a  Plexiglas  rod  bonded  to  the  ball.  The  three  resulting  Hall 
voltages  were  observed  on  tiirec  oscilloscope  clannels. 
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1. 


Figu  re  r>0. 


Hall  Generators  Installed  in  Ball  Bearing  Retainer  Sockets. 
Top:  Reworks  and  Hall  lead  wire  routing.  Bottom:  Loca¬ 
tion  of  Hall  generators. 
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igure  51.  Ball  Bearing  Magnetic  Field  Mapping.  The  magnetic  ball  is 
bonded  to  a  Plexiglas  rod  mounted  in  a  lathe  chuck.  A  Hall 
generator  is  mounted  on  a  Plexiglas  rod,  held  in  the  tool 
post.  In  the  position  shown,  the  ball  is  rotated  360  degrees 
in  20  degree  increments.  At  each  inurement  a  reading  from 
the  Hall  go  no  r  ato  r  is  taken.  The  tool  post  is  then  rotated  30 
degrees  and  again  the  ball  is  rotated  360  degrees  in  20  degree 
increments.  The  process  is  repeated  until  the  mapping  is 
complete. 
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8.  Slip  Ring  Driving  Torque  -  The  bearing  retainer  would  be  driving  a 
slip  ring  and  multiplexer  system,  which  it  would  not  normally  do. 

The  torque  required  to  drive  the  slip  ring  was  measured  by  instru¬ 
menting  the  slip  ring  driving  plate  with  two  strain-gaged  cantilever 
beams.  The  gaged  beams  were  calibrated  for  torque  and  for  tem¬ 
perature.  The  slip  ring  assembly  and  driving  plate  are  shown  in 
Figure  52. 

The  torque  system  was  designed  to  read  torque  in  one  direction, 
but  these  tests  showed  that  significant  vibratory  torques  occur. 

9.  Ret  a  i  n  c  r  a  nd  To  roue  Element  Temperature  -  To  be  able  to  compensate 
for  temperature  effects  on  the  retainer  strain-gaged  bridges,  torque 
element  strain-gaged  bridges,  and  Hall  generators,  thermocouples 
were  installed  at  these  locations. 


DATA  ACQUISITION  _ 

R  e  ta  iner  Data  T  r a n a m, i  s  s  i  on 

The  large  number  of  signal  leads  from  the  retainer,  12  leads  foi  the 
Hall  generators,  8  leads  from  the  ball  force  bridges,  4  leads  f  rom 
the  torque  bridge,  and  0  leads  from  the  thermocouples,  w’ou-d  have  re¬ 
quired  30  slip  ring  channels.  If  common  grounding  were  used,  26  chan¬ 
nels  would  be  required.  Slip  rings  of  this  si/.e  would  inherently  have 
large  drag  cha  racte  risitics.  A  me  rcury- wetted  slip  ring  with  16  channels 
was  proposed,  but  this  is  not  a  developed  item  and  nonrecurring  engineer¬ 
ing  cost  would  have  been  excessive.  An  eight- channel  me  rcu ry- wetted 
slip  ring  was  available,  but  if  this  were  employed,  data  could  not  be  taken 
simultaneously  from  Hall  generators,  ball  force  gages,  and  the  torque 
driving  plate,  Simultaneous  data  acquisition  was  a  goal.  The  problem  of 
a  large  nurrioer  of  signals  and  the  requirement  for  simultaneity  suggested 
the  use  of  a  multiplexer. 

A  multiplexer  system,  which  was  designed  and  built  at  Lycoming,  in¬ 
corporated  constant-current  power  supplies  for  the  Halt  generators, 
constant-voltage  power  supplies  for  the  strain-gaged  bridges,  compen¬ 
sating  networks  and  cold-junction  reference  for  the  the  rmocouples,  and 
buffer  amplifiers  with  a  gain  of  100  for  the  output  from  all  the  previously 
mentioned  channels.  Coupled  with  an  ei  ght- channel  n.e  rcu  ry- wetted  slip 
ring  ( Vi bro- Flete r  SA  Model  MT8/A),  this  system  provided  close  to  the 
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Read  Wires  From 
Roaring  Retr. iner 


Driving  Plato 


D,  ving  Plate 


In  struniented  Canti¬ 
lever  To  Measure  Slip 
Ring  Driving  Torque 


Driving  Pin  From 
Retainer  -  A 
Second  Pin  I s  180 
Degrees  From  One 
Shown 


F  igu  re  . 


Slip  Ring  and  Driving  Plate.  Top:  Overall  view. 
inotiom:  Closeup  of  driving  plate.  Rotation  is 
counterc  lock  wise. 


desired  goal  for  obtaining  simultaneous  data  from  the  rotating  retainer 
instrumentation.  The  30  leads  were  reduced  to  four  through  multiplexing, 
and  three  slip  ring  channels  were  required  to  power  and  sequence  the 
multiplexer.  The  multiplexer  was  time  divided,  with  the  output  from  the 
Hall  generators  being  multiplexed  simultaneously,  the  output  from  the 
strain-gaged  bridges  being  displayed  simultaneously,  and  the  output  fvcrni 
the rmocouple a  being  displayed  simultaneously.  The  switching  rate  of 
the  multiplexer  could  be  varied  from  0.  1  time  per  second  to  in  excess  of 
10,000  times  per  second.  Figure  53  shows  typical  outputs  from  the  multi¬ 
plexer. 

Inne  r  Race  Temp."  uj  <  u re  Data  Transmission 

The  rotating  inner  race  ren  peratures  were  transmitted  through  Lycoming- 
developed  I'reon  flood-cooled  slip  rings  coupled  to  the  rear  of  the  shaft 
supporting  the  test  bearing  inner  race. 

Reco  rdlng 

All  signals  except  the  inner  race  temperatures  were  recorded  on  mag¬ 
netic  tape,  I.orkheed  tape  recorder  Model  41  7D  was  used.  The  frequency 
response  of  this  sytem  is  10,000  Hertz.  Signals  from  the  inner  race 
were  displayed  on  instrumentation  in  the  test  cell  and  were  manually 
reco  rded. . 

M  onitoring 

During  all  testing,  inner  race  speed,  retainer  speed,  inner  race  speed 
ratio,  ball  force,  radial  load,  and  driving  torque  were  monitored  before 
and  after  magnetic  tape  recording.  This  procedure  assured  that  the 
quality  of  the  signals  was  maintained  throughout  the  recording  process, 

Problem  Areas 


During  this  test  program  three  bearing  failures  occurred  which  resulted 
in  the  loss  of  data  and  the  elimination  of  certain  instrumentation. 

The  first  failure  (a  smooth-race  ball  bearing)  was  Hue  to  shaft  unbalance. 
This  failure  also  resulted  in  the  loss  of  a  Hall  generator-instrumented 
retainer  and  multiplexer  (Figure  54). 
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alibration  of  one  of  the  web  force  strain-gage  bridges.  The  s 
volt  and  is  eoual  to  9  pounds  of  force  acting  or.  th»  retainer 


Figure  54 . 


Build  No.  ?.  Bearing  Failure;  Shaft  Unbalance.  Top:  Irne 
races.  Bottom:  Cage,  balls,  and  outer  race. 


The  socono  failure  (a  smooth-re  ~c  ball  bearing)  was  the  result  of  reducing 
the  pocket  clearance  from  0.022  inch  for  the  'ormal  bearing  to  0.005 
inch  to  achieve  the  necessary  Hall  generator  sensitivity.  This  fa;lure  is 
shown  in  Figure  55.  When  the  Hall  generators  were  eliminated  to  provide 
the  necessary  clearance,  the  multiplexer  system  was  no  longer  required. 

The  third  failure  (a  smooth-race  roller  bearing)  was  the  result  of  excessive 
roller  skewing  during  attempts  to  produce  a  skid  map. 

During  early  test  runs,  the  wire  routing  from  the  retainer  t  the  slip  ring 
drivirm  late  was  adequate;  but  during  later  runs,  there  were  lead  wire 
failures  lesulting  in  the  loss  of  data,  and  improved  techniques  were  de¬ 
vised.  The  original  jnd  the  improved  lead  paths  are  shown  in  Figure  50. 

T  ES  T  P R  OC  E  DU  R E 


The  test  prog  roil!  was 
Pali  Id 

1 

2 


accomplished  in  four  builds 

Test.  Beo  ring 

Ball 

Ball 


as  follows: 

I Ai_b r icatjon  Condition 

EH  D 
EH  D 


Ball 


Bounba  ry 


4 


Rolle  r 


EHD 


A  full  EHD  oil  film  was  achieved  by  operating  at  high  speed  and  moderate 
loads. 

Boundary  lubrication  was  achieved  by  utilizing  races  with  poor  surface 
finish  (?4  A  A).  Experience  has  shown  the  1  this  degree  of  roughness  allows 
lit  eta  1- to- metal  contact. 

Load  and  speed  test  conditions  for  the  ball  and  roller  bearing  tests  are 
defined  in  Tables  VIII  and  IX  respectively. 
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igure56.  Improved  and  Original  Retainer  to  Driving  King  Strain  Gage 
Goad  Pa  tiis ,  Top;  Improved  lead  path  showing  gage  leads 
fixed  to  pins  attached  on  retainer;  lc.ids  are  spot  welded  to 
plate  riveted  to  driving  plate,  and  the  leads  are  larger  than 
originally.  Bottom.  Original  lead  pash,  unsupported  from 
retainer,  epoxy  bonded  to  driving  plate. 
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TABLE  IX 


roller  bearing  test  conditions 


Inner  Rint; 

Axial  Load 

Radial  Load 

Data  Point 

Speed  (rpni) 

(lb) 

(lb) 

1 

16,  000 

0 

1  000 

2 

1  0.  000 

0 

600 

3 

]  6,  000 

0 

200 

4 

J  6,  000 

0 

'•  0 

.. 

3 

20, 000 

0 

1  000 

6 

20,  000 

0 

600 

!  v 

i 

20, 000 

0 

200 

1  8 

1 

1 

20,  000 

1 

o  i  ■-  0 

. 

1 


1 
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Build  No.  1.  Rig  Checkout 


The  objective  of  this  build  was  to  check  out  the  test  rig  for  the  test 
program.  Standard  rig  instrumentation  was  used.  Retainer  instrumen¬ 
tation  and  inner  race  temperature  probes  were  not  installed  for  this 
build.  A  standard  ball  bearing  was  installed  in  the  test  position. 

The  test  rig  was  operated  to  23,000  rpm.  Oil  flows  to  the  test  bearing 
and  two  support  bearings  were  adjusted  at  various  speed  increments  to 
note  the  effect  on  scavenge  temperature.  Radial  and  axial  thrust  loads 
were  also  varied  at  different  shaft  speed  settings  to  determine  load 
effects  on  vibration.  The  rig  checkout  was  concluded  with  a  1-hour 
run  at  2  3,  000  rpm . 

Build  No.  2,  Smooth- Race  Ball  Bearing 

The  test  rig  was  rebuilt  with  bearing  instrumentation  to  take  data  on  the 
ball  bearing  in  the  MUD  region. 


The  oil-in  temperature  tc  the  test  bearing  was  maintained  at  100  ±  5°  F 
during  the  test. 

The  rig  was  operated  through  all  of  the  data  points  defined  in  Table  VIII, 

To  generate  a  bearing  skid  map,  the  test  rig  was  brought  to  20,000  rpm, 
the  radial  load  v  as  reduced  to  zero,  and  the  thrust  (axial)  load  was  re¬ 
duced  in  inc  r  er, ,  ent  s  until  skidding  occurred. 

Build  Mo.  3,  Rough- Race  Ball  Bearing 

This  build  was  the  same  as  Build  No.  2  except  that  the  test  bearing  had  a 
rough  surface  finish  on  the  inner  and  outer  races  to  promote  boundary 
lubrication  at  the  rolling  contacts.  The  same  data  points  defined  in  Table 
VIII  were  evaluated.  The  oil-in  temperature  during  the  test  was  200  i-  5  1 

An  attempt  was  made  to  produce  a  skid  map,  but  skidding  would  not  occur 

Build  No.  4,  Smooth- Race  Roller  Bearing 

The  test  rig  was  rebuilt  with  bearing  instrumentation  to  take  data  on  the 
roller  bearing  in  the  FAifj  region. 
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The  oil-in  temperature  to  the  test  bearing  was  maintained  at  100  ±  5°F 
during  the  test. 

The  eight  data  points  to  be  evaluated  during  this  build  are  defined  in 
Table  IX.  The  test  rig  was  operated  through  all  of  these  data  points. 

TEST  RESULTS 


Build  No.  1,  Rig  Checkout 

This  build  resulted  in  successful  operation  of  the  test  rig,  without  re¬ 
tainer  or  race  inst  rumentation.  to  speeds  of  23,000  rpm  under  test  load 
conditions . 

Disassembly  and  inspection  of  the  test  rig  after  checkout  operation 
showed  that  both  the  test  and  facility  bearings  were  in  excellent  condition. 

Build  No.  2  ,  S inooth-  Race  Ball  B e a  ring 

The  first  ball  bearing  configuration  tested  was  with  a  smooth- race  surface 
finish  (5AA).  Test  results  arc  summarized  in  Table  X,  which  includes 
test  race  temperatures,  measured  radial  load  slip  ring  driving  torque, 

.  adial  load  frequency,  and  retaincr-to- inner  race  speed  ratio, 

These  results  show  that  radial  load  was  composed  of  a  .heady  and  an 
oscillatory  component.  Retainer  driving  torque  was  found  to  be  oscilla¬ 
tory  also.  When  drag  was  introduced  into  the  driving  system  b,r  'holding 
back"  the  slip  ring,  torque  was  still  osc  illatory,  which  suggested  that 
the  cage  motion  was  not  eteadv  but  accelerated  and  decele  rated  once  per 
revolution.  Maximum  torque  required  to  drive  the  slip  ring  was 
measured  at  7  inch-pounds  steady  load,  s  7  inch- pounds  vibratory. 

Samples  of  the  outputs  iron,  both  ball  force  strain  gage  bridges  and  the 
cage  speed  signal  as  a  function  of  time  are  shown  in  Figures  57  through 
64.  These  figures  show  larger  pulse-type  forces  being  applied  to  the 
cage  at  a  nonunuorm  amplitude  and  nonperiodic  frequency.  In  addition, 
they  show  a  small  vibratory  (approximately  f  3  to  ±  4  pounds)  force. 

This  smaller  vibratory  signal  is  expanded  five  times  and  presented  in 
Figures  6  5  through  72. 
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Figure  57-  Retainer  Web  Force  and  Retainer  Speed  Versus  Time,  Showing  Nature  of 
Impact  Ijoads. 


Figure  58  .  Retainer  Web  Force 
Loads . 
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Retainer  V-'e b  Force  and  Retainer  Speed  Versus  Time,  Showing  Nature  of 
Impact  Lords. 
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i£i:r~  c4 •  Retainer  Web  Force  and  Retainer  Speed  Versus  Time,  Showing  Nature  of 
Impact  Loads. 


RETAI  NER  WEB 


gure  6b.  Retainer  Web  Force  Expanded  With  Competed  Web  Force  Superimposed. 


impos  ed 


RETAINER  WEB  NO 


Figure  69.  Retainer  Web  Force  Expanded  W'ith  Computed  Web  Force  Superimposed. 


Figure  70.  Retainer  Web  Force  Expanded  With  Computed  Web  Force  Superimposed. 


Retainer  Web  Force  Expanded  With  Computed  W*-b  Force  Superimposed 


With  Computer  Web  Force  Superimposed. 


The  large,  pulse-like  force  was  later  simulated  ir.  the  laboratory  by 
impact  loading  a  ball  against  a  retainer  web.  Results  suggested  the 
presence  of  dynamic  ball/pocket  forces  resulting  from  accelerations  of 
the  ball  within  the  pocket  clearance  or  of  the  retainer  itself.  These 
dynamic  effects  were  not  predicted  by  the  computer  program. 

With  respect  to  the  smaller  vibratory  signal,  two  approaches  were 
taken  in  the  analysis  of  the  test  data.  First,  ball  azimuth  versus  retainer 
web  force  plots  as  determined  by  the  computer  program  were  super¬ 
imposed  on  similar  plots  from  the  test  program  data  (Figures  65 
through  72).  Second,  a  harmonic  analysis  of  the  computer-determined 
output  was  compared  with  similar  analysis  from  the  test  data  (Figures 
7  3  through  75).  Figure  7  5  shows  the  compute  r- dete  rmined  harmonic 
analysis  of  the  computed  web  force  wave,  and  is  normalized  here  to  an 
arbitrary  unit  to  compare  ratios  of  harmonics  rather  than  absolute 
values.  Figures  7  3  and  74  show  the  average  of  16  spectra  obtained  from 
experimental  test  tape  recordings.  Spectrum  averaging  'was  used  to 
eliminate  random  signals  that  might  be  present  in  the  experimental  wave 
forces,  since  the  harmonic  analysis  of  any  selected  cycle  could  be  dis¬ 
torted  by  random  occurrences. 


r  -  m 


the  cc 


;f  pure  thrust  bearing  loading  (Figures  65,  6R(  and  60h 


where  computed  pocket  force  is  a  constant  value  of  approximately  0.  25 
pound,  the  dynamic  component  determined  experimentally  (neglecting 
impact  peaks}  was  between  ±  3  and  *  4  pounds.  It  is  sugge  sted  that  the 
difference  between  the  computed  and  measured  force  levels  at  these 
conditions,  where  the  predicted  force  is  nearly  zero,  is  background  or 
additional  forces  generated  by  conditions  not  considered  in  the  computer 
analysis.  Practically  speaking,  a  3-  to  4-pound  background  force  is  of 
little  conseouence. 


In  the  cases  of  combined  thrust  and  radial  loading  (Figures  66t  67,  and 
70),  the  predicted  and  measured  force  levels  a  re  of  the  same  magnitude, 
neglecting  impact  peaks.  The  computer  program  predicted  approximately 
±  1.5  to  ±2.0  pounds;  the  measured  values  were  f  rom  ±  4  to  ±  4.  5  pounds . 
Mote  that  the  difference  is  not  large  in  view  of  the  background  levels 
determined  during  pure  thrust  load  tests. 

Two  of  the  test  conditions,  filtered  and  unfiltered,  are  shown  in  Figures 
76  through  79,  Frequencies  higher  than  seven  times  retainer  speed 
(seventh  order)  have  been  eliminated  in  the  filteicd  wave. 
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(A  rbitrary  units  -  intended  for  comparison  of  ratios  of  harmonics,  not  absolute 


Figure  73.  Harmonic  Analysis  of  Experimentally  Determined  Retainer 
Web  Force  (Average  of  16  Spectra)  for  Ball  Bearing  Smooth 
Race.  Bearing  Retainer  Web  No.  1. 
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FORCE  AMPLITUDE  -LINEAR 


icurc  76.  Retainer  Web  No.  1,  Filtered  and  Unfiltered  Retainer  Force  Wave  Form  With 
Commuted  Forces  Superimposed.  Frequencies  HiRher  Than  Seventn  Oroer 
Retainer  Speed  Removed  in  Filtered  Wave. 


Harmonic  analysis  (Figures  71  through  75)  shows  similar  frequency  com¬ 
ponents  for  computer  and  test  re  suits,  but  proportions  of  the  harmonics 
are  not  comparable;  in  fact,  two  different  retainer  webs  show  differ¬ 
ent  harmonic  amplitudes.  There  are  also  more  frequency  components 
in  the  experimental  data.  Further  expo  rimentation  and  analysis  are  re¬ 
quired  to  understand  these  differences  between  predicted  and  measured 
values  and  to  explain  the  origin  of  the  background  force  level  described 
a  bov  e . 


A  skid  map  is  shown  in  Figure  80. 

Ruild  No.  _ Rough- Race  Ball  Hearing 

Inner  and  outer  race  temperatures  are  summarised  in  Table  XI. 

Rail  force  data  from  the  rough  bearing  generally  locked  similar  to  that 
of  the  smooth  bearing  with  pulse  magnitudes  reduced.  Samples  of  data 
from  the  first  tv,-o  test  points  are  shown  m  Figures  81  and  82.  The  dis¬ 
torted  retainer  speed  signal  is  the  result  of  magnetic  tape  saturation  in 
one  direction,  but  since  the  large  peak  is  stdl  discernible,  the  signal 
is  still  useful  in  establishing  the  time  of  a  single  ball  cycle  and  the 
relationship  between  the  location  of  the  retainer  and  the  leading  zone. 
Figure  82  also  shows  the  beginning  of  the  deterioration  of  the  No.  2 
rotainer-wi  b  strain-gage  bridge. 

Ruild  N c>.  -1,  S mj loth  -  Kao y  Roll e  r  Rea  l  ing 

Inner  aid  outer  race  temperatures  are  summarized  in  Table  XII, 

Traces  from  the  only  functioning  retainer-web  strain-gage  bridge  for 
four  test  conditions  are  shown  in  Figures  83  through  8b. 

The  roller  force  traces  do  not  show  the  large  pulae-like  forces  found  in 
the  ball  force  t  rai  es  at  the  test  conditions  icquired  for  computer  verifica¬ 
tion;  however,  these  peaks  were  observed  while  sweeping  to  the  test 
speed. 
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TABLE  XI. 


INNER  AND  OUTER  RACE  TEMPERATURES 
BUILD  NO.  3 
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Figure  8<i.  Expanded  Trace  of  Rough  Race  Bearing  Retainer  Web  Forces.  Speed 
signal  distortion  is  result  of  magnetic  tape  saturation. 


TABLE  XII.  INNER  AX’D  OUTER  RACE  TEMPERATURES, 
BUILD  NO.  4 


Data  Point 
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COMPUTER  PROGRAM  RESULTS 


BALL  BEARING  COMPUTER  DECK 


A  listing  of  the  bail  bearing  computer  program  FORTRAN  source  deck  is 
presented  in  Appendix  I.  The  program  consists  of  a  main  section  and 
eleven  subroutines,  each  of  which  performs  a  specific  function.  This 
modula  r  organization  of  the  program  facilitates  the  incorporation  of 
alternate  or  improved  mathematical  models  at  a  later  date  if  revisions 
or  modifications  are  indicated  by  future  advances  in  the  technology. 

For  example,  if  it  is  desired  to  employ  t  raction- slip  data  other  than  that 
reflected,  only  the  subroutine  FRCTN  need  be  replaced. 

The  format  for  the  input  information  required  in  the  program  is  given  in 
Appendix  II.  Cards  signifying  appropriate  units  for  the  input  parameters 
and  recommended  values  of  convergence  limits  are  included.  Available 
options  concerning  the  sequence  of  running  numerous  load  cases  with 
varying  bearing  definitions,  lubricant  descriptors,  etc.,  are  explained. 

A  typical  problem  with  the  input  restated  and  the  program  output  con¬ 
veniently  labeled  for  easy  interpretation  is  presented  in  Appendix  III. 

BALL  BEARING  TYPICAL  RESULTS 


Retainer  Po c ket  Loading  and  Lubrication 

To  illustrate  the  results  desired  cf  the  computer  program,  the  bearing 
problem  shown  in  Table  XIII,  based  on  the  test  bearing  in  the  experimen¬ 
tal  program,  was  adopted. 

The  bearing  is  analyzed  at  a  constant  inner  ring  speed  of  *10,  000  rpm 
(i.t’xlU^  DN)  and  an  axial  thrust  load  of  1,000  pounds.  Externally  applied 
radial  loads  were  varied  to  determine  their  effect  on  pocket  loading  and 
lubrication.  I'he  effects  ot  applied  radial  loads  on  the  ball  pocket  load 
distribution  are  shown  in  f  igure  87. 

A  positive  pocket  force  indicates  that  the  ball  is  driving  the  retainer 
assembly;  conversely,  a  negative  pocket  force  indicates  that  the  ball  is 
retarding  the  rotation  of  the  retainer  assembly.  The  results,  clearly  in¬ 
dicate,  as  ir.tuiUon  dictates,  that  nail  pocket  loading  is  strongly  depen¬ 
dent  upon  the  relationship  between  the  thrust  and  the  radial  load  when 
ope  ra  t  i  ng  under  combined  axial  and  radial  c  x  t  e  r  la  1 1  v  a  pplied  1  oa  n  s  .  1  los 
dependency  occurs  because  the  unconstrained  orbital  velocity  a  ‘--j'h  boll 
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TABLE  XIII.  BEARING  PROBLEM 

PARAMETERS 

Number  of  Balls 

22 

- 1 

Ball  Diameter 

. 531  in. 

Pitch  Diameter 

4.724  in. 

Nominal  Contact  Angle 

30  deg 

Outer  Race  Curvature 

.  515 

1 

Inner  Race  Curvature 

.  520 

Clearance  Change 

- . C01 5  in. 

Pilot  Clearance  (outer) 

.  029  in. 

Pocket  Clearance 

.031  in. 

Pressure  Visc  osity  Coefficient 

! . 1 Sx! 0~4 

in. ^ /lb 

Temperature  Viscosity  Coefficient 

1. 53x10-2 

Op  -  1 

Viscosity  at  Inlet 

3. 86x10-6 

lb-sec/in.  ' 

Thermal  Conductivity 

7. 74xi0"2 

Btu  /°F  -  h  r  /ft 

Lubricant  Density 

8.  97x1  O' ^ 

1  b  -  s  e  c  2  /'in. 

i 

- 1 

position  would  be  different,  owing  to  contact  angle  variations  from  posi¬ 
tion  to  position.  Contact  angle  variations  are  strongly  dependent  on  the 
magnitude  of  radial  load  relative  to  the  axial  load  acting  on  the  bearing. 
The  calculated  radial  force  acting  between  the  pilot  surface  and  the  outer 
race  land  is  shown  as  a  parenthetic  quantity  in  Figure  87.  It  is  interes¬ 
ting  to  note  the  variation  in  this  load  component  for  the  equal  increments 
of  externally  applied  radial  loads.  Note  that  for  equai  externally  applied 
radial  load  increments  from  500  to  7  50  pounds  and  from  750  to  1,000 
pounds,  the  pilot  surface  contact  force  increase  is  2,  2  and  17.  3  pounds, 
respectively.  Additional  cases  were  investigated  with  a  thrust  load  of 
500  pounds  and  a  radial  load  of  1,  000  pounds,  and  a  pure  radial  load  of 
1,000  pounds  with  resulting  pilot  surface  conlact  forces  of  7.76  and  1.91 
pounds,  respectively.  An  axial- radial  load  ratio  appears  to  exist  (approx 
imately  1:1)  at  ’which  the  pilot  load  is  at  a  maximum  value.  This  load 
component,  in  tie-  case  of  an  outer-piloted  retainer,  results  in  a  retainer 
drag  force;  in  the  case  of  an  inn  e  r-pil  oted  retainer,  it  creates  a  retainer 
driving  force.  This  effect  might  be  theori/.ed  to  be  responsible  for  the 
skid  recovery  phenomenon  often  experienced  on  ball  bearings  at  high 
speeds  and  extremely  low  thrust  loads.  Figure  88  illustrates  the  hydro- 
dynamic.  baJl-poekel  film  thickness  as  a  function  of  azimuth  angle  for  a 
thrust  load  of  1000  pounds  and  a  radial  load  of  500  pounds.  Also  plotted 
on  the  same  azimuth  scale  is  the  pocket  loading  to  illustrate  the  strong 
dependence  of  film  thickness  upon  load.  l  or  light  loads,  pocket  film 
thicknesses  are  limited  to  pocket  clearances  in.  the  analysis  because  ofte 
with  extremely  light  pocket  loads,  unrealistically  large  estimates  will 
re  suit. 
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PARENTHETICAL  QUANTITIES  ARE 
CALCULATED  RADIAL  FORCE  ACTING 
BETWEEN  PILOT  SURFACE  AND 
OUTER  RACE  LAND 
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Figure  87.  Pocket  Loading  Versus  Radial  Load  (Axial 
Load  r  1000  Pounds). 
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Retainer  Speed  Variations  (Skidding) 


An  important  spinoff  benefit  derived  from  the  retainer  analysis  reported 
herein  is  the  ability  to  predict  retainer  skidding  as  a  function  of  ex  - 
ternally  applied  loads  for  high-speed  angular-contact  ball  bearings. 

F  igure  89  compa  res  retainer  speed  results  derived  from  the  computer 
program  with  data  obtained  during  the  verification  program.  Also  shown 
are  the  retainer  speeds  calculated  using  the  elastic  analysis  (no  slip), 
which  is  extensively  uSed  for  bearing  design  today  throughout  industry, 
The  zone  depicted  between  the  dashed  lines  in  the  gross  skid  regime  is 
indicative  of  retainer  speed  variations  encountered.  Unlike  previous 
results,^  retainer  rotational  velocities  in  this  skid  regime  were  not 
constant,  and  significant  excursions  were  observed  at  constant  thrust 
loads.  This  phenomenon  is  not  considered  to  be  of  great  importance 
from  a  design  standpoint;  what  is  significant  is  the  break  in  the  curve 
below  which  gross  skidding  occurs. 

With  respect  to  the  ditfcience  between  the  elastic  solution  prediction 
and  the  EHD  solution  results,  the  difference  in  retainer  speeds  calculated 
at  high  thrust  loads  is  predominantly  the  result  of  ball  slip  at  the 
race  contacts  required  to  generate  traction.  Inner  and  outer  race  contact 
angles  for  this  load  case  were  essentially  the  same  for  the  two  ulfierenc 
analytical  solutions. 

Da  11  Kinematics 

The  kinematics  of  a  ball  in  a  high-speed  a  ngula  r- conta  c  t  bearing  lias 
provided  bearing  engineers  and  analysts  with  a  wide  area  fer  disagree¬ 
ment  over  the  Iasi  decade.  The  reason  is  that  in  an  a  ngula  r- contact 
ball  bearing,  pure  rolling  cannot  occui  simultaneously  at  both  inner 
and  outei  race  contacts.  Consequently,  assumptions  were  required 
concerned  with  the  spin  velocities  prevalent  at  the  race  contacts  and  the 
distribution  of  tractive  force  components  required  to  offset  ball  gyro¬ 
scopic  moments.  The  major  controversy  centers  about  the  race  control 
concept  previously  d’seussed  under  "Inti  eduction.  " 

'this  concept  is  based  upon  the  supposition  that  all  the  spin  occurs 
at  the  contact  where  the  resistance  to  spin  (spin  torque)  is  minimum,  and 
that  all  traction  in  the  gyroscopic  plane  occurs  at  the  race  contact  which 
exhibits  pure  rolling  (no  slip).  Tor  example,  a  bearing  with  outer  race 
control  would  have  zero  spin  at  the  outer  contact  with  the  inner  contact 
operating  at  the  geometrically  required  spin  level,  while  all  the  required 
traction  force  to  resist  gyroscopic  precession  would  be  developed  at 
the  out  e  r  con  la  r  I  ; 
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The  analysis  developed  herein  is  general  and  does  not  require  these 
assumptions,  and  unbiased  solutions  can  be  obtained.  Table  XIV  presents 
computer  results  pertaining  to  ball  kinematics  for  varying  thrust  loads 
to  explore  tins  phenomenon  in  the  skid  regime  and  at  high  thrust  loads. 
Tile  cases  studied  are  the  same  as  those  used  for  the  skid  curve, 

Figure  89.  Also  shown  at  tlu*  bottom  of  the  table  is  the  result  of  an 
elastic  solution  in  which  outer  race  control  is  assumed. 

In  Table  XIV.  j  ,  a,,,  and  j  va  re  the  angular  velocity  components  about  the 
indicated  axes.  The  angular  velocity  component  .1  has  a  circumferential 
vectorial  direction,  i.  e.  ,  gyroscopic  precession.  F'xi  ?,nf'  I'  T  ?  a  re  *-'ac 
tractive  forces  in  the  outer  and  inner  contact  areas,  which  are  opposing 
the  rotation  a  The  tatio  I\;>  divided  by  f  .  compares  these  two  force 
components.  ‘Outer  race  control  would  have  Fy  ,  -  F  \  5  /  T  x  j  =  0.  The 
computer  results  <lo  r.ut  rigorously  substantiate  this  assumption,  but 
1' x  '  is  significantly  less  than  F'\i.  which  indicates  that  the  race  control 
cor  opt  i ,  if  not  absolutely  correct,  practically  useful  from  this  stand¬ 
point,  It  is  interesting  to  note-  that  from  a  traction  standpoint,  bearings 
in  the  skid  regime  tend  more  toward  race  control  than  those  that  are 
operating  at  high  thrust  loads.  Also,  by  comparing  the  800-pound  thrust 
load  cases,  it  is  seen  that  a  greater  value  of  a.  y  is  predicted  with  the 
F-HI1  analysts  with  a  t:o  r  re  spond:  n  g  increase  in  gyroscopic  moment  and 
t  ra  c  ti  vi'  force. 

Another  relationship  that  can  be  used  to  test  the  accuracy  of  the  race 
control  concept  is  the  spin  velocities  at  the  mce  contact.  Again,  refer¬ 
ring  to  Table  XIV,'  it  is  evident  that  spin  occu  \s  predominantly  at  the 
inner  contact  as  the  control  theory  predicts.  With  regard  to  the  behavior 
in  the  skid  regime,  values  of  jl  s  )  divided  by  increase  as  gross  skid¬ 
ding  increases  --  the  opposite  effect  relative  to  race  control  behavior  as 
observed  with  the  tractive  forces. 

In  general,  kinematic  b  thavior  that  is  in  relative  agreement  with  the 
race  control  concept  is  not  surprising,  tn  that  many  successful  bearings 
have  been  designed  with  the  use  of  analytical  techniques  predicated  upon 
its  precepts. 
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ROLLER  BEARING  COMPUTER  DECK 


A  listing  of  the  roller  hearing  computer  program  FORTRAN  source 
deck  19  presented  in  Appendix  IV.  The  program  is  structured  in  a 
manner  similar  to  the  hall  bearing  deck  and  consists  of  .  main  section 
and  nine  subroutines.  Four  subroutines  are  inactive  in  this  listing 
as  a  result  of  the  convergence  problems  encountered  with  the  COEFCT 
routine.  They  are  included  in  this  listing  since  they  were  part  of 
the  initial  effort. 

The  format  for  the  program  input  is  given  in  Appendix  V.  Directions 
for  exercising  various  program  input  options  are  also  given.  A 
particular  input  requirement  for  the  roller  bearing  program  is  found 
on  card  9,  columns  4!  through  90.  This  input  item  causes  the  program 
to  execute  the  specific  case  for  the  cage  slip  inputted.  It  is  therefore 
required  that  the  user  input  an  appropriate  series  of  cases  to  achieve 
a  desired  solution.  The  solution  is  obtained  when  the  "Torque  on 
C.3gc':  output  value  approaches  zero, 

A  topical  problem  and  corresponding  output  is  presented  in  Appendix  VI. 
ROI.I.FR  BEARING  TYPICAL  RESIJI.TT 

The  bearing  data  shown  in  Table  XV  was  used  to  illustrate  the  desired 
program  output.  This  data  represents  the  test  roller  bearing  used 
during  the  experimental  program. 

The  bearing  was  analyzed  at  an  inner  ring  spot  d  of  20.000  rpm,  which 
results  tn  a  DN  speed  value  of  2x10^.  Radial  loads  were  varied  to 
determine  slip  speeds  of  the  cage  and  other  bearing  outputs.  To 
arrive  at  the  desired  solution,  various  cage  slip  speed  assumptions 
were  inputted.  Each  outout  case  yielded  residual  cage  torques  which 
were  plotted  as  shown  in  Figure  90.  The  final  solutions  for  slip  are 
obvious  and  can  be  inputted  to  obtain  final  results  for  each  load  case. 
Final  results  for  cage  slip  speeds  as  a  function  of  radial  loading  are 
shown  in  Figure  91.  The  iterative  procedure  was  pursued  for  the  200- 
pound  load  case,  the  solution  for  which  is  shown  in  Appendix  VIII. 
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ABLE  XV.  ROLLER  BEARING  PROBLEM  PARAMETERS 


Number  of  Rollers 
Roller  Diameter  -  in. 

Roller  Length  -  in. 

Pitch  Diameter  -  in. 
j  Diametral  Clearance  -  in. 

i 

Retainer  Pilot  Clearance  (Inner)  -  in. 
Pocket  Clearance  -  in. 

i 

i  Pressure  Viscosity  Coefficient  -  in.  /lb 

Temperature  Viscosity  Coefficient  -  F 

l 

Viscosity  at  Inlet  -  Ib-stc/ai. 

o 

Thermal  Conductivity  -  Bin/  F-hr/ft 

l  -1 

Lubricant  Density  -  lb- sec  /in. 


28 

.  4  3  H 
.4331 
4. 7244 


.  002  5 


.  0  30 
.0128 
o.  6  x  1  O' 

1 . 47  x  1  0 
7.3s  x  10 
7. 40  x  1  0 
8.25x10 
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Roller  Bearing  Program  Data;  Cage  Slip  Versus  Radial  Load 
(Inner  Race  Speed  -  20,000  RPM)  . 


CONCLUSIONS 


Retainer  pocket  forces  predicted  by  the  computer  analysis  for 
the  cases  studied  are  small,,  approximately  5  pounds,  and  are 
in  quantitative  agreement  with  the  basic  pocket  force  cycles 
measured  during  the  experimental  test  program.  Existing 
differences  between  measured  and  predicted  values  can  be 
attributed  to  dynamic  shaft  unbalance,  imperfect  bearing  geometry, 
etc.  However,  superimposed  upon  these  force  levels  are  pulse- 
type  forces  that  were  measured  at  the  retainer  pockets.  These 
forces  were  significantly  larger  than  the  former,  on  the  order 
of  50  pounds,  and  are  believed  to  be  the  result  of  impacts  between 
the  rolling  elements  and  retainer  pockets  resulting  from 
acceleration/deceleration  cf  the  roiling  elements  and/or  retainer. 
Impact  force  le-els  dominate  and  constitute  the  major  criteria 
in  the  establishment  of  the  structural  integrity  of  the  high-speed 
retainer. 


Lubricant  film  thicknesse.-.  developed  at  the  roiling  element-to- 
retai.ner  pocket  contacts  are  hydrodynamic  in  nature,  and  they 
are  strongly  dependent  upon  the  contact  force  magnitudes. 

Bearing  kinematics  resulting  from  the  computer  solutions  that 
consider  traction  at  the  rolling  element-to-race  contacts  are  not 
widely  differed  from  analyses  conducted  hitherto  that  employ 
the  race  control  assumptions.  However,  the  new  model  does 
predict  ball  spin  at  both  inner  and  outer  contacts,  gyroscopic 
precession,  and  resistance  to  gyroscopic,  precession  at  each 
of  the  inner  ami  outer  race  contacts. 


The  computer  analysis  predicts  regions  of  tractive  ball  instability 

at  O'dn  t,  j  a<lM  o  jJlvu  uc/mi  i  uviio  i  couhiu^ 

effects  in  the  EHD  contact  between  balls  and  races. 


Retainer  slip  at  low-load  conditions  can  be  predicted  by  the 
computer  program.  Confirmation  of  the  analysis  for  the  test  ball 
bearing  employed  during  the  program  was  obtained.  Retainer 
pilot  surface -to- race  land  contact  force,  w'hich  affects  skidding 
char acte ri  s tic s ,  was  found  'o  be  strongly  dependent  upon  the 
ratio  of  the  axial  to  radial  loads  applied  to  the  bearing. 


RECOMMENDATIONS 


It  is  recommended  that  further  work  conducted  to  achieve 
a  better  understanding  of  overall  bearing  operation  address  the 
rheological  behavior  of  EHD  lubrication  with  particular  emphasis 
on  traction. 

The  effects  of  lubrication  upon  bearing  operating  characteristics 
are  central  to  the  analysis  of  rolling  element  bearings.  The 
dynamics  and  kinematics  of  bearing  operation  are  well  under¬ 
stood  in  comparison  with  the  equally  important  effects  of  the 
rheological  behavior  of  the  lubricant.  Much  of  the  lubricant 
information  drawn  upon  in  the  analysis  is  an  extrapolation  of 
empirical  data  obtained  in  different  operating  regime;.  The 
development  of  more  extensive  and  sophisticated  bearing  analyses 
based  upon  the  relatively  underdeveloped  technology  of  EHD 
lubrication  will  not  substantially  increase  our  overall  under¬ 
standing  of  high-speed  bearing  performance  ,  especial1-/  in  the 
light  of  the  convergence  problems  encountered  with  available  data 
as  described  in  "Tractive  Instability,"  page  53. 

Attention  should  be  directed  toward  further  investigation  of  the 
cage  pocket  impact  forces  observed.  Tests  should  be  conducted 
oil  a  greater  variety  of  bearing  configurations  and  operating 
conditions  to  achieve  a  more  general  verification  of  the  observed 
results. 
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APPENDIX  I 

BALL  BEARING  COMPUTER  PROGRAM  FORTRAN  SOURCE  DECK 


C  "AIN  PROGRAM  to 

REAL  L1180FN  20 
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70  I ORMAT I 40H  RACE  CONTROL  INOLX  .1PJE11.4; 
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1 1  ?,J)  o. 

-'£  Tl/p.K 
4  l  =  A°S ( A  1  , 

TR  •&  1  7  A  2 

TR(  AB  T-TfPv  I  j  ,  ,  n 
A*i A]  «f CV  (  .  )/ APT 
o  v  (  [  j  /  ,*ct 

<<■=(  A»»TP*AY-A2  I  /  Tfl 
I  c  t*X  !  )  4  ,1  s  ,  18 

X‘  1  ’  E|  AS-XJCi  1  -  f aii 

Y  <  2  I  =  A2 - .6  *( A?-4 y ) 
a  i «  t  r  h  u 

o  i  to  a 

■n*ATAMI  TP  I  -AL  AH 
A* -CSV (  1  »*S IA (P  I  ) 

AY*S0RT|crv(1 |p*2-AX**»» 

’>1  TP  (A 
*  <  1  I T . A*  A<  c  7  4f 
Y(2)*Ay*,4*AX«Th 
TO  (7 

00  IP  1-1,7 

0*0* $09  Ml./(|,t  TR«  *7  |  j  *c  (  l  )  /  f 

T  i  -  F  .  /P(l  1  .  *  f,  1 

’-All  PI  IPIN.-TI  ,T?,rt  .r^r'.ri,  ,o,JIT  » 

ic i  io> i  ft  u a,  i a,  i9 

01NT INUf 
r-  S  T  1  =  1  9.  C 

o  c  Tnu  n 

HllWI.S<,rm/Ct.*SO=T  If  £*D/I£*.,3*£:Sf  2-T2,  , 


RAIL  600 
RAIL  610 
OAL L  620 
BALL  610 
RALL  660 
R4LL  650 
BALL  660 
RALL  670 
RALL  680 
RAIL  6  90 
BALL  700 
RAIL  710 
DALI  720 
RAU  730 
BALL  740 
RAIL  750 
BALL  760 


BALL  flOO 

rail  Rio 
ball  a?o 
ball  aio 

RALL  840 
RAIL  860 
BALL  860 


BALL  890 
BALL  900 
BALL  910 
ball  9?o 
ball  910 
BALL  940 
BAIL  950 
BALL  060 
RAIL  970 
RAIL  98C 
BALI  990 
BALL  1 030 
hAI  L  1  0 1  0 
BALL  1020 
RALL1 010 
BALL  104  0 
RALL  1050 
RAH  1060 
RAU  1070 
RAU  1C80 
R»ll  1 090 
RAIL  H  00 
D4LL11 10 
RALLU20 
oAt  U  1  10 
BALL )  140 
n  A I  L  1150 
RALL 1 1 60 
RALU  1  TO 
BALL  1180 


_ VMJi=  (  APt-TCPY)/  11.  ♦tX‘U21/XK(  11  H  ».  6666666  7  I 

AP3*AP  T-  TCPV-APi  N 

AXi(f.RV(l>FAPCl»TRXS0RTll.«Tft»»2» 
4Y»S0RT((CPV(l)*»Pr|)«*2-*X**2  1 
G  3  TO  16 

8  rvpr-2=o. 

’ooo.  *aaiunix.iPiQ£i2.6 1  . 

on  21  it«i  ,i‘ 

.  .  I  N«i.ftFCAE*X<5  l 

*s r *-  xi  n» r pf  r ift  x  (<.  i 
CVPG2*CVRG2xrClNSTl 
lr ICVRG2-CCNS i 2 122. 22, ?3 
21  _  CKa!i?*CCNSt2  .  .  . .... 

2?  R(  1  M  man!  X(  l  »/X<  2)1 
.  .  .  B12  )rAJANU£l-Xtl  1  1/  1A2-XC21  1 1 
oo  ?<,  x»i,? 

SRIKIaSlNtBlX 1)  .  .  . 

26  c « i *f  j  »ros»««K) > 

_ _ DM  1.  l)*Cfilll**2/Xt2)  _  _  -  .  ... 

DP  (1,2  >  =-X  (  1  )  •r<M  t ,  l  I  /  <(  2  ) 

.  _  *-C 8121**2/1 A2-X12I  I 

DM  2, 2  I  * -0P(  2 ,  l |»|Ai-xll)l/lA2-x(?l) 

.  ..  E2*?t2.*l.”.  (2  i-CRvm*C.3SR) 


RALLL190 
RAU  1200 
RAIL 1210 
BAIL  1220 
RAIL  12X0 
RAL11260 
BALL  1250 
BALL  1260 
RALL12  70 
RA  Lt  1 2  RO 
PALL  1290 
HALL  l  300 
BALL  1310 
RALL1320 
8ALL1330 
RALL 1 360 
RALL1350 
RA  LL  1 360 
ft  A  L  1. 1  3  7  0 
R  A  L 1 1  3  R  0 
RAIL  1200 
RALL1600 
BALL1  '10 


06  L(  1  1  *  SOP  1  ( « ( l  | «»2*x I  2 ) I -r »v(  1  > 

_ _ DhL  121=  scan  l  Al-  XI  1  1  1  •♦2*1  A2-X1  21 1»»21-CRV  121 

OO  25  *»1  ,  ? 

IetDFL(Kl-l.F-7)9«25,2S 
25  Ontinu? 

....  oj  Z(>  X. * l  .2 

021X1  rf1»CP(  K  1  /6  2 

- !LGlK)  =  l^»C(Xl*G2lX  I 

Tl*l./F(Xl-2.»r(K|*G2<XI/GG(X) 

.  T2*6.-2./HX)*Tl 

GAU  EL  1P1N1T1  ,T>,Ff  .K.CS62,  1 0  J 1  7  » 

.  .  .’P110UIT128, 2£.27 

U'niri'- 

_ IJLST  1*20.0  _  _ _ _ 

pp  riiPN 

2fl _  CSJEP*SQ°T(CSF2I 

CSPiKl  -CS  6  p 

_  .ESAVEIX)-EE 

SNf P.SOPT  I  1 .-CSE?  1 
_ TS.AVE1IU-T2 

XKIKI*11.?67711  /FL*SQRT|D*fF/(fX«*3*CSF2*T2l  I 
SD(*  l*XX  <X}*SOPT  (DH  (X  I  | 

ODEI  X  (  K  ,1  |  «C  I  K  1  «SR  !  «  I 
oo£i.X»<,21»C<x)«CB(K| 
cr AU=T 1/T2 


BALL  1620 
RALI.16XD 
RAH  16*.  0 
PALI  1650 
RALl 16tO 
RALL 1670 
RAIL  1680 
SALL1690 
RAIL  1500 
BALL  1510 
RALL 1 520 
P A  LL 1 5  30 
BALL  1 5  60 
RA1L155D 
BALL  1 560 
BA  LL 15  70 
BALL  1580 
BALL  1500 
BAIL  1600 
BALL16LQ 
BALL  1620 
BALL l 630 
BAIL  1660 
BALL  1650 
BAIL1660 


.5I4U-S&Rt|U-CTA>j**2> 

OT0C*2.*( T2-T1»*CIX I /(» T  2  *GG ( X  I  )**2*STAUI 
DxnEp*tFE-EX*G562)/15N6p*CSE0) 

OP  Of P« ( Ef-f X ) /SNEP*C  5FP 


BALL 1670 
BALL '.680 
P* l L 1600 
BALL  1 700 


OEQTAIJ.  (  F  F*S*JfP  I  **2  *STA(J*.  S/1CSFP*  I -?.*f  F*  I  Ex-F  F  > /SNEP*  (  Ff  *l>KO£P'  BALL1710 
1 PX*nE0FO|  »C5FP  I  *  RALL1720 

_ oxkQEP»5.0239555*$0HJ  o/(  T2*E£*fis**5n_/J  EL*CSF.2  )*(  l FX*DED.FP-i»*£iL*RALL17iO 

IX  OFP)*rSFP»?.*fX»FE  *SNrP 1  BA L LI  760 

_ 0)txOT2.-XK)xl*.5/72  _  ...PALI  1750 

2  6  OXXOGI XI «OXxOEP*OFOT»o*OTOG-OXXr)T2 •? . *C I  X 1 /GG t K  1  **2  BALL  1760 

..  .  .  00  31  1*1.’  BALL1770 


1  'i'i 


40  3 


31 

-404 

406 

40T 

403 

403 

36 


74 

77 

4  02 


401 


1_pax$»:  _ 

ox tl )»DFl <l»*SCIl» 

9« <ll"(. 23173241  ♦f$AVF(ll»C501Ll*FL*PX(Ll*0/T SAVE  till*’. 33333393 
AAJU-Bim  »/f  SPIL1 
nn  37  k«i.? 

TiU.lt  J*-D/F2**2*t  F2*SeiLl*0BU  .K  1  *CBti. .«  triElUl  1 

OOU.KI  *1  .5*SCU  l *00 U XI  t,  K  1  »nCl  <1  1  *$  0°T  f  P Fl  <  l  1  >  * 0  XK  OG  <  l  1*00  (L  ,KI 
1F(FONVI31,?),403 

W8  (l  1  *  I  PF“IL  l-r“FGAF  1*.S*(  F2*C  11  l*0*C"l  l  1  1 
V73IU  *.5*C  t  L)*B*|X  I  3)  *0(71  L  »-X  (5  l*SHll  II 
VX»  I I  1  *-  . 5*0*X<  4  I 

-Q4S 111 «C  »  LI • t IRP^tL 1-QMFG4E-XJ  3 11  *S B 1 1 1- X ( 5 1 *C9 1 1  )  1 
3G»-F( l ) *0 

CF»X*ASS*C'*Ff  AE**2*.  5*62 
Fill  «AIFTJ(»G» 

rnvt inuf 

IF  |  X  06' V  1404,4  04,403 

f.AlL  P  AL  LI  -  - 

TO  4  06  K*l,  > 

I* I  APS (COR  IK  1 1-5. r -6  J 4 06. 406.  21 
'OMTINIJF 
«U(Ji  =  «(l  I 
X  7.M  J)  *X  t  2  1 

CALL  9-UL2  _  _  . 

T  F | MMM ) A^B  i «C9,  409 
n«7f  <  j)  ipHF  r.A 
°F  T  U°  N 


BALLIT80 
BALL  1780 
BAIL  1  BOO 
BAIL16 10 
BALL1B20 
BALL ! *  30 
BALL! 840 
OALL IB50 
BALL  I960 
BALL! 970 
BALL  1880 
8A111B90 
BALL  1800 
BALL  1910 
BALI  1920 
BA (  L 1930 
BALL  1940 
BAl L 1950 
r.‘Ot  I960 
BAl  L  1  9  70 
17ALI  1990 
BALL  1990 
BALL  7  000 
BA|  1 201 0 
BALI  ’020 
BALI  2030 
BAIL  2040 
BAU  ’05 0 


V3C  IJ)*mi)*F7l  21-903  AG 
90  B<  l  |  =>«(  1  |  *57.2  3SP 
BjH(2)*fi(7 i *5 7.795H 
I" I pPnr { J  I  I  76.  39,  36 
Tl  '2-  •0/<»OCKf  7 
7?»4.-T 1 

■LLA«p*.5*ie>0fxfT-n 
v/p  !  J) »  x( 3 1*.5»0 
VXP(  JU-X1  61*. 5*0 

r  m  flipimti  ,r»,f  f,ek,csf2,  iouit  » 

I f ( tnut  n  73,33,34 
7nt  ( \"7r 
T£  STl . 35.0 
or.  T 1 10  N 

BPtlCK  C  J  I  *  (  .2  34  7  7741  *FF  *$03  T  l  C  5F  2  1  *°L  *  A  B  S  U’  PDC  t  J  1  I  «  0/ T?  1  •  • 
APOCM  jMPPffx  |  Ji  7$Q«T  (  f  $F2  I 

thick0!  J)  s(  V I  $  *  X  (  7J  *.125*0**3*1  C.B7/PPDC1JI  l**?/C.  iFAPP 
IF  (  T  M  I  C><P|  J  I  -  1  0.  F-6  1401 , 40  ’,  407 
FPx=Vl$»X(5l»(.3*0|*»?.S’12.3fc/SO:>TlClFA.9) 
rO£svI‘*X(71*|.6*B|*»>.$«?.476/$T9TirLF70^l 
TFnXP-0  . 

TC  d 0 t 9, 

-'Fp»WX«0. 

Tf P7h7  «0  . 

TFp  H4l 

if P  7WX .FP7/X1 3  » 

GT  TO  Aft 

TCv«P„XMI!/$9»T(\(  7|**?,X(r.  )*•?  1 
•"PX  «  7  F»*P*X  (  5  I  *PPpf.  I J  ) 
cp^truo.*)  7 : •  P’cc i  j : 


BALL  2  06  0 
OAlL  2 0  70 
H,;ll  ’090 
RAU7090 
BALL7100 
BAl  L  21 1 0 
BALL  2120 

RAtl  ?1  JO 
GALL  2140 
BAl  L  2 1 50 
BAU?loO 
BALL21 70 
BAM  2180 
BAl  L  21  90 
.3  7333  3  3 3  BALL  2? 00 
BAl  L  27  1  0 
BALL2220 
BA117730 
BAH.  7240 
BAM  2740 
BA  LL  2  26  0 
BAM  2270 
SALL7790 
BALI  72 90 
BAM  2300 
BALL7310 
BALL  2320 
BALL  2370 
PALL2340 


T  F  4  P  1  s  T  F.  Pn*PPf’C  |  J  1  /  <  X(  3I**?,X(5)*»7» 


BAl L  2  7  60 


200 


nFpm5-..-Tf:MPl«xn)*x('>'.  OALL2J70 

0FPXW7  =T  f  “P  «X  (  X  )♦♦?  RALL7380 

0FPXP=YFMP*X(8 I  BALL2300 

or >1 «X< TE“P 1 • X ( 8 | »• ?  RAL12400 

OFP7WZ*-T  CMP1»XH  l*X(5  I  9ALL2410 

of  PJ  P*TrHP*  K()  |  RALL7420 

"Sim-i’x!  n»$‘itn*px(2i»sai2nrxm*r.Bii i-fxlz i *cbi? i -.,:px  ball2430 

»S  H?  )*-PXI  l  )»CR(1I*PX  I  ?>*CR<  L  1  -F  XI  1)*S«»  llvFXI  ?;*$«  I  ?I*CF*FP7  HALL  2440 

"SI ; 31 HE V()I*C?( 1 ) -FY 12 l*CBI21-f PZ1  *0*.  5 OS  II 1 *S  0 ( n-OSt  ? I *S«C 2  I  BALL  2450 
08|(4l*<Fxi  I  >  *F  XI  2  )  )  «n«  ,  S*HMV-  J8P  BALL  2460 

PS!  l.f-FYtlJASBt  1  I  »f  Y(2  J*SBl2J-cPXI*n*.S*3S{  II  *C31  H-CS«ZI  *C?1  2)«ALL?4?(5 
1*XH7  RALL2430 

.01  ^2  K-l,?  _  BALL2  4P0 

03  43  1*1,2  BALL  2500 

oc  XI  X  ,  l  1  *QF  xP  C*.  I  »QPt  K  ,  L  1  *  .  5*1  4PHI  K  j  -  CfHfC  AE  )  ♦  IOFX  I  L  1  -  C(  K  S  *9»SR(  x  |  AriRAU  25  10 

1  3  (  X  1 1  |  )  •  0  F  X  V  Y  |  K  l*,*5>ri<|«0«(X(  3»*',R|XI*X|SI*CB|K»»«r)FXV\(K|«DBIK,LR  ALL’S  20 

2  )»  C  (X  1  •' 1  (PPP!  X  t  -r**EGA-;-  X  13  1  1  *C9t  x  1  »XI5  )*SH.K  I  )  •OFXWS  IK  I  *0Rt  K,l  )  PALL  2  5  30 
ifY|xtil  =  l'fyi>|K|tni’U,L  . S* I RPMl X  l-ftMtr,  lc  *  •|OEXILI-f(K(*O*SB(K(*O0ALL25,«0 

1  oi  x,L  I  )  •L'FYV'T  IX  I  »  .5*CI  KJ  *0*1X1  1)  «SS1JU  HI  5  I  *C9(K  )  1  *TF  YVYIK!  *03  I  K  , L B A  LL2 5 50 

?  )  *  '(  X  >  •  |  I  p  p«t  X  1  -C“FC.Ac  -X  I  3  II  »c  IM  A  )  »X  I  5  )  *SB  (X  I  )  *f)F  YWS  IK  I  *OR(  K  ,  L  !  PALL  ?  5  AO 

o  jSI  X  ,1  )  *OOSP(  X  1  *PP  I  X  ,L  I  ♦.  5*1  PPHIK  I  -  lOHEGAE  »  *  (  OE  X  I  L  >-C  *  X  !  «o  •  SB  I K  I  *  0  i  ALL  25  70 

10(x.ll)»PCSVY(Kl».B»C(KI*o»lX('»|«SP(X)*XI5)»l'3(Ki:*0  0<;vY|K)»nB(K1Lf'ALL25BC 

2  1»C  (f  I  •  I  I RP“(K  I  -OMEf  A‘  -X!7ll*CC(Kl<-X!5»»saCX|  1  *00SrlS  I  K>  *0R(K  ,L  1  0  ALL  2  560 


OFX | K  ,  S  J  s-r  1X1*1. «»P*CP|KI* OF XVY(K)*SfUX)*Pr  XKSI  X  1  I 
of  v [K  ,  3 )  *-C (X) *  I .5  *0»F « (X  ) *OF yyv  tX)*SB(K)*OFYWS(x)) 
oq  xt  x ,  3  i ,  -r  (k  i  *  ( .  8* p*c  n(  «»*O0Svv(x!*SP(x)*rj3sw«;(xi  I 
OF  y  (  x  ,4  )  *-.  8*1  *OF  YVXIX  ) 

OF  X(  X  ,4)  *-.5»f>»nFXVX|X) 

o')  5  (  x  i  4)  -  8«n«oq8vx(  x  | 

OFX|X,S)»riX)*(.S*o«<;o|X|*OFXVY(XI-fB|X)*rlKXWS(X)) 
DB t (X  ,51  =C( Kl* I  .S*o»Sr IK ) »0FYVY (Kl -C?l X  I *?FYWS (M I 
00  4  I  x  ,  8  )  «C(  X  »  *  I  .5*0  *SP(  x  I  *00SVY(K  1  -r,o  I  X  )  "OCS-lS(  X  M 
OFOX (1  )  =OFPXP*  (OFYI  1  ,  n  K'FY ( 2,  n  ! 

OF  o  x(  5  I  -orp  Xp*  I  OF  Y(  1  ,2)  *PFY  ( ■>  ,2  n 
ofox(3I*OFpxpci  o  f  v  |  i,  3  ) »  of  y  l  2  ,  }  I  i  *nrpxwx 
OF  P  X  I  4 1  *  PF  °  X  P  *  (  OF  Y (  1  ,4]*0Fy|2,4l  » ♦ OCPXWY 
oFox(s)-nF3xr>*(otv(l,t.(*oEvt2,8)l»ornxv// 

■OFP  2  I  1  1  *OFi>2P*<  0FY1  1  .  n  »r>Fv<  *,  ;  ;  ; 

OFPZI’lrPFOFP*  (  0  f  v  (  1  ,2l»r>FY(2,7») 

OFP/I  31  *  OFP  if  P*  I  OFY(  1  ,  3  )  *!)F  Y  I  ?  ,31  >  *OF  P,'V.X 
OF  P2  (4  1  *  OF  n  ;p*  (  ncy  I  I  ,  ,  I  ,OF  Y  (  2,  4  I  )  *Of  D  *  WY 
OFPX(4|YOFP;p«(OrYll,8)*OCY(2,8)l*OFO?w7 
Y'P|l):n’;<('r-.|f'F,|  1  , 1  )  *of  yi  ',111 

or  .o  j  ■> ) n o$  p  p*  i  r  f  y  i : ,  ?  >  * r- <-  y  i  ,  ’  1 1 

oo  p  I  3  1  *00X0!.  ,|OfYll,  3),  r>FV  I  ’  .  3)1*0380  WX 


3  yj  (  4  I  Y  O  0  8  p  ■’  •  I  P  F  Y  (  1,41 

oop  1 8  i  i  o <;  8  P  p *  I  r  r  y  I  I  ,  8  t 
ORY(  11  =  c ■ 
o  AY  |  2  )  =0  . 

O  H  y  (  3  I  -- .)  . 

o  A  Y  I  4  1  »  n , 

oay  I  8  1  *  x  I  N*r  YF  G  AF 

o-M  1  1  -0. 

o  '  ’  I  2  1  =  P  . 

YI  ’  (3  1  *0  . 

A  4  1  (  41  =  -Yf  f,*pYf  4FF 

o  1  ’  I  8  I  o  . 

or  F  I  <  i  =o  . 

■'r'|  2  1  =  X!'l  r  St  r  »F.r,  PF  «  4  • 


4  1  4  0  F  Y  (  ’  ,  4  1  1  »!1  )  80  V,  Y 
8  i  ,f  •  y  ,•  ■> .  8  i  )  *:n8-Ju; 


KALL2600 

ball  2610 

HALL  76  20 
B41  L2610 
RA1  .2640 
RA  L ?650 
PF 1 l 2660 
BAH  ’6  70 
BALL  2650 
RAl  |  2660 
PALI ’700 
P.  A  I  L  2  7  1  o 
B  A I  1  2  7  ’  o 
R  A  t  L  2  7  30 
PAIL  2  740 
PAH  2750 
BALL  2  760 
BAH  2  7  70 
PA1  1  2  7B0 
BALL ’760 
BALL  ?B 00 
BAH  7810 
BALL2P70 
IHl  :  70  30 
B  A  L  1  ? B4  0 
A  M  I  ’  a  5  0 
PALI  3 8 0 
BALI  ’B  70 
PALI  ?3’0 
PALL?  300 
34  1  L  7Q00 
BA l 1 ?O10 
3  A  I  L  7  6  ’  0 
S  A I  I  2°  30 
BALI  7  O  ■  0 
BA  1  1  7  6  8  0 


20  1 


40 


.  : 3) =o.  .  rah  TQbo 

'x f <  4 1  =  o .  pall?97o 

3CF|5)=0.  R4LL2980 

30  40  K  =1  ,  4  4AU  2990 

OF  51  (1  ,K  1  |  «C9(  1)  *0B<  1  ,K)  -SB!  1 )  »DP(  1  ,KI  ♦  PX  I  2 )  *C  f!<  2  )  *DfV  *  2  » <  I  ♦  8ALL3000 
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OTVt  t ,  1  I  »OTV<  |  ,  M*A1 
or  VI 1. 2 »*DTV( 1.2)*A?*SPH 
OT VI I  ,3| -OTtfl I  , )  I  *A?*C PH 
3TV1 t .4) «DTV( 1,41*43 

it  *-/2*TP?CM  »f  <M2l*OP?OAl  ♦SRI  21  *OFxa(  t  t 

_A2  OF 2042*1.8.12 1  •PP2.DA2-*SB  (2  I  *Qf.X  At  2  ) .  .  -  - - 

43»  V2»OR2r:4F*tB  (  71  •f»P2n«f  ♦  S«(  2  I  •'iFXnxp  (  2  » 

?rV(?  .1  1*C7V(2, 11*/  1  -'SPH-DFYAI  11‘CPH  .  . 

^rvt  2.21  -DTVI2  .7  t  LV  '*$PH**2-0FY  Af  7  I  *S  PW*LPM 
9TVI2.  1t«.OTVI  ;  ,1  )i/i2*<;oH*CPH-0PYAI2}»CPM**J2  ..  . 
orv  ?  ,4 1 -rrvi2  ,4  i ♦aipsph-ofyO'if  (?)  *cph 

DJy[J»it*0TV.t3»ll*Al*r,  PH  *0  c  YA1-L 1  ?-£  P-H _ _ _  ...  _  - 

'1TV(1.?l«tTV(1,2)*A2«<>r'M*CPH»OPYM  ?)*SPH»*2 
OTV(3.3)*3TVI3,3  » *A 2 *C PH* *2 *DF YAi2 1 • SP H*CP H 
trvi  3,4t*r)Tv(  3,4»*43*rPM*opvn,4Fi2i*SPH 

OT V(4 , ] )«0T V(4, 1  I  *.5* I  ^PPAl  *£2»fP20Al»D)  *DQ'.'XKX*0  VAR  41  I  3t 
r>rv(*.,2l*OTV(4,2}t|.‘i*IOF  P  A2  *  F2  *FP  2  0*2  *0 )  *DOV  *  WK  «n  VA  o  A  2  (  311 *SPH 
_D!_»J  j,  3)  *'.'TV(  4,3)  *1  •4*(0|:P.A24£2*FP2Q12*imQaYXKX*0yAPA2(31)  »CPH 
OTVI4,4l«l'TV(4,4|,.5*(OFP|me»r2*PP.JOMF»r))«'OOVXWX*nvnHF(3l 

P£  TUPS  _ _  ..  . . 

•^N  r. 


6AIL4J30 
RALL4740 
BALL4750 
6411 4760 
BALL  4770 
RALL4780 
BALL4  790 
BAl L  4  BOO 
BALL4810 
BALI 4B20 
BALL403O 
BALL4840 
BALL  46  50 
BALL4B60 
BALL  4B  70 
BAL  L  4B80 
BALL4890 
BALL  4900 
BALL491D 
BALL4920 
BAl L  4930 
BALL4940 


..SUBonijT-N,:  firPtMTfPMi1TfRM2,Fe,FK1CSE2»  1ER1 
CMiii  rro^i  /tfd><2 
4  VF*  9 

tep«r 

9  1  1  t  •  1 .  30 
ANTS  *5Nr*4N;‘ 

C  S  C  2=  1  •  -  SM  ;  -  .  ...  — 

!  r  i  r  <.r  ?  |  jt  4 
9  o  I  TF  (6,  f  ) 
t  jrma  r  (  oiicf  l  1  °l  N-  l  t 
/  F  R*  ! 


EL  IP 
EL  IP 
FLIP 
EL  I» 
EL  IP 
FLIP 
FLIP 
FL  IP 
FI  !  P 
FL  IP 
FLIP 
FLt° 
FLIP 
FL  I  P 
,  2FL  !  P 
Ft  IP 


C  Tf^c  SF2  /SNI  S  FLIP 

XI  C,«  A|.*v;|  l  .  /r  v|  ■>  )  FLIP 

rF  >1  .  ff.sr?  *(  .44  4  F92  040  fC  4F  2»  I  .  0  B  4099 1 9  J  f  C  SE2*  .  0  4090S094  )  J  *C  SE2*  I  .  2EL  !  P 
1  4'>?><;704  9*C  4F2  ■(  .  091  402240*0  SF2».0l  397  999  0)  I  *XLG  FL  I  P 

CK  « 1 .30 42 9 4  3fr  *C  3F?«v .  09  79  1 7B 9  I  *C  SF  2* I  . 0 54 54 44 09* .  03 2074666* C S E 2  I  I FLl  P 
l*(.9*rSf7*(.l?4730247*FSF2*(. 040 i l Ai 19  * . C 1 00449 l ?*C % r 2  III • XL 0  FLIP 

E'JIMK/ff  FLIP 

FOR.  (  1  ,•  (.1  VO-7.*  (  FIIK-1  .  |*r  TF?)  *4NI  S»SNF/ I  (  B. -4.  »SNrM*f  UK-2.  *CS£2*FL  |P 
l*  'JK**7-6.  I  EL  1° 

SVr»FMF-( .PR  FL  I  P 

IF ( APS  It 07 1-5. F-7 17,  l.  1  ELIP 

r.lINTIS'JF  FI  [P 

wRirrit.M  FLU’ 

FH9H4T (9F0EL |0|N-?l  E I  I  P 

!  r  9  »  I  FLIP 

•<  r  ru f  h  f i_ » o 

f  NO  FLIP 


xnrrfhit  i  nf  inpt  _  ..  .  ... 

RfAt  LORTf N 
Rf  4L»  BWl  ,W2  ,WCPO 
r  'immhn  MSn(4C)  ,HSM40i 

COMMON  ALPHA, AAI2 I , AM A J (  2 , 40 } , AM  IN <  >,40) , APOCKI 401 . 


INPT 

INPT 

INPT 

INPT 

BE  T ,BE  TA 1NPT 


.MM2)  ,»PCCKt40).  C  AGE  W ,  CP  V  I  2  I  ,  CHAD,  C0S4.CPH.CTHFT,  INPT 

_ 2C1RR(S).CBI2).CF.C  I  2 1 .  C5P(  2 1  .LOR  I  5 .  CL  £ AR S (21 , CLE AR P ,  OP(2.S).  INPT 

tom?,?  i  .orrco  >  ,oi)(  ?,bi  ,r>E*l  ?i,  orop,  o,  ofns,  nm  (  4 )  ,ofl  (4),otv(5.5),  inpt 
‘,r)r-  TF»  .or  L  (  2  I  .D0FLXI2  ,2  )  ,  OXXOG(  2  )  ,0FXVX(2  I  ,OFXVY  (?  ),  DFXMS  (2)  ,  INPT 

40FxP(?),nfrvx(?),nFyvT(2l,nryNS(?) ,nr vpi ?t ,oosvx(2),nQSvy(?i .oqsws inpt 
6(? i ,DOSP(?l ,crx(2.5),OFy (2.bl,naSC2.51.nFPXI5l,0FPZ(  5 1, OOP (  5 ) • PM V{ INPT 
TS|  .ON/  I  SI  ,OoSl  (  5.  SI  -FTPSI  1  |4,S  I  ,fm(2l  ,r>OELA(  ?|  ,0PA(2  I  ,0f  XA(2  l.nFVAINPT 

0  1 21.005 M?  I  .PfAOMF: 2 1 1 iFYOMf  t  2  I «0QS01E( 21 .OF pX4 C 21 .Of PZA12 1 .OOP AC2 INPT 
9!  ,  OVAP  Al  ( 5)  ,rvA0A2l  M.  OVOMF  (5  )  ,  0GA(2).  E.EI  INPT 

COw^ON  ERR  I  5) , f 2 , FSAVC <2  I  .  F L  AT  .  F  (  2  )  ,  FK  .  FR  AO  I N P T 

I,FTAN,FFX|?,4C).frv«Pt40l,  GAGF ,02(2  I ,G0( 2  I .INPT 

2  HCRI l .MORI .HOR2.HDRi.MOR4,  tOUlT,  INPT 

LPASS.LUROFN,  N ,  OMEGAF.nMV.OMX,  INPT 

_ _ .40Ni,O“SI2l  ,0PEXI40l.r:Mrri40),OM£2I431.  PPQC140)  .PL. INPT 

«,">  ,PF  .PC  ,  on  ,  PCf  K  C  T  ,  PHI  ,  p|  LOT  ,  PX  (  2  1  ,  PS  I  is  I ,  P(  2 ,40  I ,  OMV,  INPT 

60S (2I.00SI 2.4C ».  R.PPMI2).  SI  NO , SPM , STHE T ,  INPT 

/SO  (  ;  )  ,  S  J  (  ’  >  .  TOTI  ,  T  I  ,  T  i  IF  T  .  TOl.  (  1  I  I  ,TC»  V  ,  T  SAVE  (  2  I  ,  INPT 

P.TH  I  OP  (  2  .  SOI  .TMIfKP(SO),  VI  S.  VFOI  ,  vft  T1  ,VRT2  .  VRTO  .VRT4,  VTR  (2  I  .  INPT 
9  </  y  R  (  x I ,  V  X  a  i  2  | ,  V  X  o  <  4  0 I , V  2  P I  401 .VFCI S)  INPT 

ro«M(_N  XCil.*N.Xc(SI,XFl(4l,X>U2)Ou2.XMr,XPH|(40),X«FTI2.40).X0MSINPT 

l ( » ,  O)  i  x-4t ,  xmii1  »  yf  , v»  .  v • ,  inpt 

':y>ZU  02  VVR ,  f  .2  v  A  .  D/W  S  ,  O/P  2  •  X  I  N  ,  X*AS  S  INPT 

r .I1XVCN  F  XI  >  I  ,T  V  (2  )  I  N  °  T 

C-'«»nN  K  .C  Tt  ! 40) . 1C  TL,  ICNT.LPnn, T0I2)  .VI , v2, YT, Y4, V4, vs, Y/ , Vfl , V9INPT 

I  ,  Y!  P.GA  (2 .2  I  ,p .  AI2 ,2  I  .OF  l  W  2, 2  I .  Ml  ?  I ,  H‘t  <  2  I  ,  HI  (  2  I  ,  ■!?(  >  I  .  SB  Al  (  2  I  .  INPT 
_  2CI  ALl  2  I  .C"rGA  .PMf  14  0)  .DCXI2I  .DPS  IX  I  2.2  I  ,noYA  12  I ,  PAI2, 2  I,  0P$  Ul  2  I ,  INPT 
XT  A  (  2)  ,  KONV  ,  O  AOI  2,  2  I  ,RF  V°.  ,00  yen <  2!  ,C  A'.  ,  SAL  .  A  1  .  A  >  .ON,  >  \  ,  V2  .  M  ,T4  ,  INPT 
40F  f  ,MlN,  x  Ai  140)  ,«  A?  (4'J  I  ,  I  T  PASS,  RPV»  s4y  i ,  Ur  VM  4-J  I  INPT 

S  ,  c  A  or  P  I  I  >1  ,  p  INC.ni  I  >  I  ,  APf  4  (  21  ,  VFL  (  2  I  ,S')R  AG  I  2  I  ,  RORAG.  OSORGI  2 . 4  I ,  IN»T 
ftF  P  ft.  1  ,  F  o  ;  PA  2  ,  F  P/OM  F  INPT 

TATA  ,1  ,W2/SFrUTFQ,«iH|f  NF«/  INPT 

Fn»»A T ( AT  I  0, C I  INPT 

OF  AC  IS,  l  IXN,r,f,*FT,F(l  I , F ( ? | , PO.Pnr  KfT  INPT 

HT.SFT  INPT 

I  p ( XV | 2 , 2 , S  INPT 

STOP  INPT 

o  F  AO  I  S.  1  I  VC  ,Pf  ,  Y  F  ,PF,yR  ,  PR  ,  Of  NS  .  X  MU  ,  X  M!J1  ,F  A  G  F  W  ,  C  A  f  f  9  I  (l  I.CAGFOII  2  t  INPT 

l,o  |Nf,n  1(11,0  |>  r,o  1(2)  Inpt 

nr T*«F T/S 7 .296730  INPT 

SI N0» SI N( RF T |  INPT 

roxH.TOSI PFT  I  INPT 

TCR V»( F(  l  | 4  F<  2  t-|  . 1*0  !N°T 

j  o  ^  t  y  i*  f  N  P  T 

IF  |  YF  )6,  >.,  7  INPT 

yE>29.F6  INPT 

’  j  r  (  vo  |  A  ,  h  ,  O  I N  P  t 

vr,?9.F6  I N  P  f 

i  tF(PF) 10,10,11  INPT 

0  PF  « , ?S  INPT 

1  \  F (PR) )  ?, 1  >, ! >  INPT 

2  P  0  * ,  2  4  INPT 

■>,  rl  ■  4  ,  *  II  1  ,-PP  •  »2  I  /  YR  «  (  I  . -PE  or*’?)  /  YF  I  I  N  pT 

’  )  40  X  *  1  ,?  INPT 

,0  OR V( K ) *1 F | K )-. S I INPT 


206 


Al 


21 

18 

19. 


>■*  ai  «.i ,? 

Ot  A-  F+2  .  »C  IK  I  •  I  F  IK  I  *f>-CRV  IK  1  «cosa  I 
flFPTH^APKIOIK-ai  KGO  I  IK)  1«.  s 
<"Th*  SOP  T  IIF(k)«0|R*2-(F(K|  *o-n£P  TH1«»>)»2. 
KP1-MK  )*x  .1415C.T  AGFOl  IK  »*(CAGfW-wntH| 

.  Cl.EARSlKI*4BSIRl  \GO  1  IK) -CAGEMIK1  l*C»S  _ 

IF  (CLEARS!?) .IT .CLEARS (1 I)P1L0T»2. 

■nt  IF  I  6,  1  8! 

c  0  R  **  AT  l??H  PFAR1NG  neSIGN  01TA1 

H»l  TE I  6,1 9) 

_  pa.RHAT  I  129H0  NO*  Of  _  ELEMENT _ 

IFF  CURVATURES  CLEARANCE  TYPE 

2  CAGE /129H  ELEMENTS  DIAMETER 


3!  I T  INNER  INCREMENT 

*  MIOTM 

mdro.w i 

- If IP1LOT -FO*2 . )WQROiiM2  .  _ 

TtMP«?.«f.LFAPS  i  I  I 


.  PITCM  _ CUM  ACT 

OF  Pint  OOCKFT 

DIAMETER  ANGLE 


PHOT 


CL  F  AR ANCF 


INPT 
INPT 
I  NPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
IN»T 
INPT 
INPT 
R.AINPT 
INPT 
C  INPT 


Sfl 


51 


5? 


CLFAPANCFINPT 
INPT 
INPT 
INPT 

INPT 

INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 

FLFNFNTINPT 
INPT 


OF 


VINO  O' |T  |  rf  Gut  pt 
■’EM  lljnoFN 
"UM-CN  HSC I  SC  )  , HS  I  I  SOI 


1P|P|L0T.FQ.?.0l TE“P*CLEtfi St  2  I »2 .0 
TEMPI*  POCKET -n 
IF (DEKS.CC.O. )OFNS*.2R3 

NR|TF(A,50lXN,nff,BAT,P(ll,Fl2l,j)r>,^f3t(r),tEMDJtFMPl,rAGFu 
FORMAT I1PTE12.A,SX. A5, 3X, LP3E12.41  _ 

WRITE(6,K;| 

FORMAT  I  1  JOMO  1  .  0.  OF  0.  O.  OF  1.  D.  OF  U.  0 . 

1  MODULUS  F F  ELASTICITY  PQISS0N3S  RATIO 

-2.  ELEMENT/110H  OUTER  INNER  CAGE  CA&r 

1°  * N GS  CAGE  FLTMFNTS  RINGS  f  AG F 

-ss  nrusnvi  . .  . . . .  lZiyi 

M°  !  TO  I  S  ,  K2  )  .  |  Nf.oi  (  1  )  ,  PI  NGOt  (21,  C  AGED  I  I  2  I  .  C  AGF  0 1  III , Y R , VC , Y F , PR , PC , I N PT 
lPfc.UENS  if<fx 

FORMAT  I 1  P  1  \  E  l  2  •  S )  ,NpT 

RETURN  t  w p t 

INPT 

OUTP 
nu  tp 

-  .v  .  *w  •  f  •  i  -.u.  OUT P 

'OMMliN  AlPHA,AA(7|,AMAJ(2,SOI.4M|Nl2,SO».4POFK|SD>,  RF  T.RF  TAOUTP 

1  .!>  I  7.  I  ,  Rn  (  2  >  .PPOf.K  (SOI  ,  CAGCw,  CRVI21.  CRAP,  COS  8  ,  CPU  ,  C  T  HE  T  ,  QUTP 
?FORP(8l,CPI2»,f.r,C(21,r.S»l?),r.riR|5),  Cl  p  Ar  S  t  ?)  ,  CL  F  A»  P  ,  DP(7.5),  OUTP 

nt,  (2.2I.TCF(SI.O8|2.5l.nEXI2).0R0?,  n,  DENS  ,  OCHS  )  ,nFl  is  ) .  OTV  I  5, 5  >  .  OUTP 
(.OctFC.Ofl  (  ?  |  ,nnFL  XI  ?  ,?  I  ,  OXKOr.l  2»  , OF  X  V  X  I  2  I  ,  OF  XV  Y  (21  .OFXWSI?)  .  OII’P 

5  0FXP(2l,r'FY7x(?l,nrYVY(2l,nFYWSI?),OFYPli|,OOSVX|2l,nOSVY(2)  .DOS  ¥  SOU  TP 
F.'  2  )  .r'DSP  (21  .OF  XI  Y.SI  .OFYI .?  ,SI  .0QSI2  ,S»  .DPPXISI  ,npp;i  K|  .ODl'i  Y  I  .liMViOUTP 
1  5  |  ,  0M7  |  5 ) ,  DPS  II  5.  51  .OPSI  1 1  S.  5)  ,  08A  I  2i  .DUEL  A  (  2  )  ,  0  P  A  ( 2  »  .  IT*  A I  2  i  .£>F  Y  AOijTP 
R ( ?  I  ,nOS  A  I? )  , 01  XU"!  | 2  | , OF YUMT ( 2 | , O0S0MF I  2  I,  OTPXAI 21 ,OFP  7 A( ?* , OOP  A |  20UTP 
9) ,  D VA°  Al ( 51 . 0 V AR  A  2 1  SI . O VO  M  f 151  .  0&A.2I,  E.EL  OUTP 

CO-o'fN  C  RP  I  SI  ,  f  ->,  r<  AVr  (  2  I  .  F  L  A  T  ,  T  (  7  )  ,  r  K  ,F  P  AOOI I  TP 

1  ,r  I  AN,  F  T  XI  2  ,'.C  I  ,F1  Y  (2  .-.o  1  ,  GAGE.  02  I  2  ) ,  F.r.l  ?  )  ,OUTP 

2  Hnc  |  7  ,i|f>Jl  ,HOR?  ,i|(T>  I.HDP.S,  iCJIIIT,  r,i)TP 

7-p'5S.  LPASS.LIIPOFN,  N,  O' FG A E  , OM Y . OM X ,  OUTP 

so  *7  ,  UM  s  (  ;  I  ,  CRT  X(S)|  ,nx|Y  (SO  !  ,OMT  >  ISO  I  ,  P  DQC  I  SO  I  ,  Pi  ,  Oil  T  P 

5',.»  .Pt.PC.  PG.PrCKtT  ,PU1  .1-  UDT.PKt  21  .PSI  I  51  .  P|  2  .SOI  ,  OMV.OUTP 

60S  I  ?  I  ,F  JS  12  ,SP  I  ,  R.RPYI2),  SI  NP  .  SPH.  STur  T  ,  oijtp 

TStl  I  2  )  .  SOI  2  I  ,  T  Oil  .  I  I  ,  Tlir',1  01.  (1  l  I  ,’TRV,  TSAVF  I  2  I  ,  OUTP 

9T‘< I TKP | ? ,S0  I  , T  u  |r  K  P | SO  I  .  VI  S ,VFR T. V» T 1  ,VRT2 , yo T3 ,VRTS , VYR( 2)  ,  OUTP 
9Vf Bl 2»  , VXP : 7  I  .VX'MSO I  . V/PIS  m . VFC IS  I  OUTP 

r  OMmi'N  x  I  «  |  ,  VN,  xr  ( <,1  ,  XF1  ( t.  I  ,  YK  (  7  I  ,  xo;  ,  X"Y  .  XP*n  (  SOI  .XIiTT  (  2  .SO  I ,  xmSnuTP 
1 12 , SC ) . KMC. XMUl .  YE.YO, YC.VNUM  OUTP 

o  iMfco  '’2syo.02vx.r-2MS.r2P2,  xin.xmass  Outp 

r 0«-  'N  'SI  ?l. r  Y I  2  I  nuTp 

s?  F1:  I  F  ■  T I  (SO  ) ,  LF  Tl.  ,  |F.NT  .LOUP  ,  1  rji  ^  ,  T  I  ,  ,  2,  ,  VS,  VS,  Y-S,':  7.  Y8  ,  YDOl.'TP 


600 
610 
620 
6X0 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
7  SO 
7  50 
760 
770 
7HO 
790 
800 
810 
820 
830 
8S0 
850 
860 
870 
880 
890 
900 
9|U 
92  0 
930 
9S0 
950 

10 

20 

30 

SO 

50 

60 

70 

80 

90 

i  00 
110 
120 
130 
ISO 
150 
160 

1  TO 
1  80 
190 
200 
210 
220 
220 

2  SO 
250 
260 
270 
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l.Y10,GA(2,2  1.flA|2,2l.OFLM2,2).H(2I.HHI2l.r,ll2»,M2l2l,SBAL<2»,  OUTP 
2r  I  At  <  2  )  ,  omf  G*  ,  riMF  1  4C  I  .  Of  X*  2l,OPS!Xt?,?)  ,00  VA  (  7  )  ,04(2,21  ,00  SIM?)  »  OUTP 
3X4(.-').  KCNV.  040(2, 2  I  .  RF  V  A.  OG  YPO  I  2  l  .  f.A|  ,  S  AL  ,  4 1 . 4  2 . ON  ,  T 1  .  T?  ,  TJ,  T  4  ,  fll)TP 

V'F  T ,NUM , XAl  (4CI  , XA2 (40) , | VPASS .RFVX (401 , »F VZ  <40 1  niJTP 

5,f.  4rroj(  2I.B  TNGOI  (21, A  OF  \  (  21,  VEL I  2 1  >  SnR  AG  1 x  1  >  80R4G  >  0  SDBG ( 2  .4)  .  OUTP 


6CF;  nil  , FP 7f  A? , F P/OMF 
(•  1MM0N  /X  Tr  A  /vDP  AG  (  2  I  ,  nr  AG  (  2  )  .CFORfF 
"FFO.IMSO 

OPAU)  =#rx|l  )  /.  10471  9  76 

2  r'M(?),0PM(2J/. 1047)424 

o^ccaF.O^FGAF/.  104719  ft> 

I  Tf ( 4, 1 11  I  I 
WO  I  TCI  4,  )  11  2  I 

1111  t.UXATinOHl  F'PX.  OF  pox.  OF  FXTFANAL  LOADS  14 

im  starting  r.rriEr.Tinms  final  deflect  laws 

2  eP»  .  nr ) 
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_.  _  U*PXU)»CBllJ*HltC.I*GBm _ _  -  BALL  760 

T?«P*(?l‘C3l?|tHF| ICI*SBI?»  ball  770 

___IA*?XlLl*5BLU.-iUICL*LBLli_. _ _ -  - _ _  _ -BALL  _tHO 

T4»PX(  21 *531 2  l-HHt IC ) *C 6  I  2  I  BALL  790 

_ DO  JL JL«L.2  _  .  _ _ _  -  -  .  BALL-BOO 

DPS  I  XI 1 .Kl ■Tl*f'B| 1 ,8 )-T2*0BI? ,K  )*DP|  1,KI*S8« 11-OP  t?,K I *SB(2)-Y7*  BALL  810 

_  JQGYPOIKl _ _ _ _ _  _____  BALL  820 

3  OPS  |  X  C  ?  «  K I  »— T  3  *  OP  1 1  »  X.  I  *1  4*081  2 1 K  1  *OPI  l ,  n  I  *CB  (  1  >  -  OP  C  2 ,  K 1  *CBI  2  I  *  Y8  BALL  830 

_ l*JJJiy»OtJU=llLJUAL _ _ _ _ _ BAU--A4Q 

PS! (I  )>PX|  1  )*5P I  H-PX( 2>*SBI 21-MI l >*Y9  BALI  850 

_ psi  (71  *pxi  ’  i*rei  n-j,xi2j*CBi2iiMii_i*yiQTCE  _  _ _ ...  _ jball  b&o 

D? f.DPS! XI  1  ,  i i *OPSI X(2 ,21-OPSI XI2,1 »*0P5  IX ( 1 .21  BALL  870 

_ CD'Uli=CESm)«DP5!gl2.2l-J»-SI!21*DP-S_UHJ2ll/DF_T  _  BALL  880 

C.0>*I2)  *(  CPSIX  (I  ,1  )*PSI  12  1-0P5IX  12,  1  »*PS  III  ll/OET  BALL  890 


_ __aa  >.J L*i«2  ...  -  .  _ _ _ _ _ _ _ _ _ BALL  _9QQ 

4  XOO«*  IK  1-COP  !K  1  BAH  910 

_ RJErU*N-  . . — _ _  _ _ BAIL  920 

ENC  BAIL  930 


21b 


Ill,:  I,  illUi 


_ syH p pv t i  n r  fHi; _ _ _  _  _ 

REAL  LUPf'FN  HALL 

-  -C'-JHM'JK  HSOI 4C1 .HSlt 40!  -  .  -  .  - .  —  BALL 

C 1RMON  *t  PH  A ,  A  A  j  2  )  :  AMAJ( ?,  4C  1,  ABINI2.40)  ,  APflCKI  40)  ,  "FT  ,  RET ABA  I L 

.  _  -l.Bt2) ,BB<2) ,BPCCK(401  ,  CAGE*.-  —  CR V 12  )  •  .  XflAD,  C05B.CPH,  CTHEI  ■  BALL 
2rnRM5),CPI2l,CF,r»  2),CSPI  2),CO<M5)  ,  CLEARSI?) .CLFARP,  DP!?, 5!,  HALL 

_ 33&L2.21.0CFL5  >,l>ei2 , 5i,D£X  (  2  l.OftCIP,  Q,  OEMS,  MU*  l.DFL  1 4)  .DCVl  5 , 31  ,  2ALL 

40F  TCP  ,OFL(  ?)  .npFLXI  ?  ,2  I  .  OKU  nO(  ?  ) ,  OF  X  VX  (  2  )  ,  OFXVY  12  I  ,0FXirtSI2)  •  BALL 

5GVXPI  7  )  .  DFVVXI  ?  )  .  Df  YYY(  ?l  .  OFYtfS!  ?I  .  iTFYPI  7  )  .30SVX1  21  ,DOSVY(  ?  1  .OQSWSBAI  L 


_ ai.UlkA_iUi.L51  .  CYARA2.CS  ),OVQaf  (.11,.  XGAI21,  _  ..  E »  EL  HALL 

r OHMON  FRR { 5  I  , F?, FSAVE! ?l ,  FLAr,F(21 .FK.FRAOHALL 

. -l.f  IAM.FFXC2  .4Q).FFYI2.405.  .  GAGE .G2I ?> .CGI2) .BALL 

2  HORI Z.HORl .MPR2tM0PX,H0R4,  iOU'T,  HALL 

_ J J  PASS  ■  I  PASS.L  UPOES.  N,  GMEGAF  , L)H Y  , OMX  ,  BA'  L 

4  0HZ  .OMSI?  1  ,rPEXL40)  ,nMEY!40»  ,r»MF2(40),  PPOC  (  401  .PL.  BALL 

_ PE, PC. Pa.PC2CK.tr, PHI. PILul,PX12),PSI£5j, P.12, 401.  _  OHV  ,  BALL 

60S  (?) ,QCS (?.40) ,  R.RDRf?).  SINH.SPM, STH6T,  PALL 

7  SSL?) . SO  t  ? I  .  TQTL  .TI.THFT ,TOL! lll.TCPV. TSAVFL2) ,  BALL 

bthicyr ( ? , 40)  , tk  icxpi »o : ,  vi s. vf «r, vrti ,vrt? , vptj , vRT4 , vyrl? ) ,  ball 
9YYUI2)  .VXBI2  1.VXPI40).  VZPI  401.VECI  *>)  BALL 

X (5 )  , XK.  XF|4  )  ,XF*  (4  I  ,XK( ? I , XH2.XMY, XPHI (40) . XHFT ( 2,40) ,  XORSRALL 
_ .11,2.  40),  X“L’.  XBl/1 .  Y£ ,  YR,  YC.Y.NUH  _  _  .  ...  BALL 

ropHfN  r>?vYn.r2vx.n?ws  ,P?P2,  xin,  xmass  ball 

CO^bok  f x(? I ,F V121  BALL 

CriM«os  lC,CTl!40),LCTl,  |C  NT,  LOOP  ,  TO  (  ? )  ,  Y1  , Y?, Y3  ,  Y4,7!>,  Y6,  YT.YB  ,  Y9BALL 
.1  .Y  1  O.CM?  .?  )  ,9A(2,?  )  ,OEI  A12. 2).  Ml?) ,  HH<2  ),  Hll  ?),  H2(  2),  S^Al  I  ?)  ,  BALI. 

?'3  a  l  (  ?l  ,CRFGA,rM<  (40)  ,nr  X(2  )  .OPS  I  X  (  .2  )  ,<iGY  a  (?  >  .  PA  (  ?  ,?  »  ,Of»S  I  A  I  7  ) ,  BALI 

_ 3XAI  2)  .  .KCNV.l:A0(2.2J,fLFV8,  OGYPO  12).  CAL  •  SAL  •  JLi  •A2.QN.T1,T2.T3,74,  BALL 

40t  T .Kl'M.XA)  (40) ,XA2 (401,  I  TPASS, REVX (40) ,RFVZ I  401  "ALL 

5 .  C  A  G(  0  I  t  2),°  ICGOI  I  ?.)  ,.A»  F  A I  21  ,  VEl I  2 )  .  SOP  AO  12)  .  B  OR. *,C, 050X0(2, 4).  ball 

ocP  <'  P  )  ,  L  P/DA?.  (  PZ'JBF  BALL 

J*.lr'A$$  _  .  _  PALL 

1C  NT*  I '"NT,  |  BALL 

.  ..  A]  1  ..  ....  . .  BALL 

1  TS(X)*AA(K)*PX(K)*fSAVF(KI/CS»(KI  ball 

B?Bl*CnS ( °( 2  )"fl( 1  I  I  ball 

rr  (  |CNT- 02,3  .3  BALI. 

3  [r  ( |  nno ) 4 ,4, 4  BALL 

4  If  'l«»*  1  "ALL 

lOl  .  ...  BAIL 

4U“*  1  "AlL 

of  Til’’!!  BAI  L 

?  If (  I r - 1 (6.6,7  hall 

■S  |F  (  T0(  ?)  *82H  i-TO  (  1  )  )  H.  H,  9  BAI  | 

9  TCl-2  BAIL 

GM  TO  1 C  BA  I  l 

h  i  r  i  *  i  hah 

G'j  rr  jo  hai. i 

7  lr  I  TOI I  I *B2P|-TO(2) ) l l  .1 i , 12  BALL 

l ?  T  C  l  -  )  BALL 

All  T(1  m  HALL 

n  r. !  _  ..ball 

;  i1  i  ic  l- ir  i  i  a,  5,  l '  hall 

13  *  r  *=  i  r  j  hah 

HAIL 

P F  fiJPN  HAI  L 


216 


1  5 


1'/ 


CTtl.lt -It  _ _  .  SAIL 

MIM»C  RALL 

OFLA< 2, 1I-5RI 71  PALL 

~>VlM2,/ )»rp(?i  RAIL 

'‘Al  2.  11  *CP  I?)**?  /{  A2-M2  i  »  BALL 

1M?,2»--1A1-XI|  ll*CC«M?!/|A2-X|  ?lll«*7  PALL 

.5M2.1J*-D*PM?,1)*SB«2»/E2  .  BALL 

/'..A<2.?l--n*PAI?,7l*8R(7)/E2  pall 

oo  14  1-.1,?  RALI 

OAL  A-  (  Y1  *Y>  •“/ t  It  ,k  1  -YR*  1  -  2.  »Y  ir  ,(  I  ♦  .-(  1C  |«t,AI  If  ,K  )  )  *V4  BAM 

OA  LA- 1  V1*V2»RA  |  1 1  ,5  )  -Y1*  I  -2.*  VI*  PA  (  If.  ,KI  *C  1 1  C  l*GM  1C  ,*»»>  *Y4  BALL 

»l=Ct.  |ll*5P«ll2)*IRA(7,K)-nALA)  RAM 

7  7  -Gt  12)*SBAL(1  I  *  I  P  A  1  l  ,  K  1  -R  AL  A  I  BAIL 

vb*  (  (  -f.r.  (  1  l«c.A(  ?  ,  *  |  ♦  r.r.l  7  I  *GA  (1  ,  K»  I  -  r.c.l  \  )  *Gr,  (  2  I  *  (-71  *c  pal (  ball 

l’i»r,Mt,K)-22-cPMiii*r.»t>.Km  ball 

OTMT  A  =  ION*  (PPPI  l  |«  1-  71  +  CR  At  (2  )  »c,A(  l  ,K  t  I  -Rdh  (  21  *(  2?»CBAL<  1  I  *CA(  ?,  K  )PAl  l 

1  1)  -Y6*  (-  7  1  »t.  pA|  (  2  I  *  ti  A  (  1  ,  K  1-2  7-CBAl  (  11  *t,  A  (  ’  ,  K  t  t  I  /0‘i**2 

ir  ?*n7cr.  a*  coup  A 

or  yai  k  » -  xi  m*  1 1  pe  vH*oo«f  A*n«ESA»aay3  ai  *sai_*rfvb*o,afca*cal6oal41 
oo  t  R  L .1 . 2 

•>A  !l  ,K  I  *1 . 5*5  OIL  l*fH  l  M  l  .5  i  tOEL  (I  l*S3RTIRFLll  >1  "DXKOO!  L  1  *0  A  l  L.  Kl 
oo  5  I  A  (  1  | *T 1 *B  A •  1  ,X|-T7*P\|?,XUI>»|  1  ,KI*S»lll-t’A|?,K|*Sn<?t 
l(AI 

o  n  4  I  A  |  ?  ,  =  -  T  3*BA(  1  ,K.  )»r<,*ai(2'Kl»OA(  1  ,K  )  •  t  B  (  1  .  -*  A  (  2 ,  K  )  «  C  3 1  7  I  *  V  B* 

IT,'.  VAIK  I  -OC  A 

XA(lM‘-C05|A(l)»0Ofix(  ,  2  )  *  O  P  5  |  A  (  2  I  *004 1  XI  1,211/ OPT 
XM7)  M  -  r°4  |  A  <7  >*nr4  lx  ( 1  ,1  )  *OP4  1  Al  l  I  *OPS  IX  I  2.  1 II  /  OFT 

BA  I  2.  x  1  s  P  A  |  ?,K  l*OB(  2,1  I  *XA  <  1  I  *OR (  7  ,  7  I  *  X  A  I  ’) 

Oh  LAI  ?  ,K  1  =  f>(-  l  /  (2  ,  K  I  *nofL  X  I  2,  1  1  *X  A I  1  I  ♦  ROEI  XI  7,  ?  1  »  «A  (  7  ) 

n  A  1  7*x)  =  l,5*5C(?)*rtrl  A  I  7  ,  K  1  *  1 E I  (  2I*X0PT  nr,_  (7  1  ,.rxxnr,(7  1*1  GM  ?,<  I*PAI  I 
l  Or.  I  ? ,  I  I  *•  X  A  (  1  1  *001  7,  7  1  *  X  A  I  21  1  BALL 

Of.YAt  K  I  =-r,r,Y  A  |  X  )  *"GY  Ri  I  1  1  "XT  1  1  I  OBY-MI  (  7  I  ♦  <A(  ?  1  BAIL 

xr ,  1 1 1  «xn  1 1 1  *ta  hall 

Yf  in  i  *x  T  1 1  3  >♦ t  ?*r  PH  ball 

Oo  16  K  s]  .7  BALL 

Y  l  *  P  A  |  7  ,  l  1  *f‘ A  n  I  1  ,  X  |  ♦  B  A  (  ’  ,  7  )  *0  AO  |  7  ,  -  1  B  AM 

Y7'=r7|?,l)<'rACtl,K)*PM2,?)*0A'H’,K)  BALI 

V  i-nr.YA  I  |  )  «r  At  I  1  ,5  1  ♦  II  OVA  12  1  *0A0|  7  ,  <  |  BAIL 

V/,  sT7*Y!*V?*40l?l  -H  2  I  I  r  I  *  Y 1  *t  0  I  71/0*7.  BAIL 

Y5  *  -  T  4  *  Y  1  ♦Y7*'*  P  I1  I  *l‘?  I  |t  )  *  Y  1  *  4  P  I  5  i/I"1?,  RAIL  10 jO 

orvll .< I  -nrvl 1  ,KI*Y4  BALL1010 

OT  V  I  7 , *  1  - P T  V  I  7,5  )  ♦ Y 5  *c  on  BA  LL 10  20 


BALI 
BA  I  l 
BALL 
BALI 
BALL 
-Y  7*DGY  ABAl  I 
BALL 
BALL 
BAI  I 

hai.l 
hall 
pall 

BALL 


61  0 
620 
610 
6  A  0 
65  C 
660 
670 
680 
600 
700 
710 
720 
710 

71,0 

780 
760 
T7C 
700 
700 
BOO 
010 
820 
8  iO 
040 
R  50 
R60 
R70 
fl  00 
800 
°00 
RID 
R20 
010 
5  4  0 
V  5  0 
o  AO 
0  7  0 
900 
090 


01  TMC  M 


HAl L 1010 
RAlt  1040 
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Si)9R'MiT|  NF  rRC  rv  (C.l  .03 ,03  ,  TC  IF,  TH(  1  A)  FRCT  10 

ni  (fKirn  AG!  II  A  » ,  AG?  (  7  |  ,  AG’I  7),  FT*!  1  3,  7,  7)  ,117  I  7,  71  ,  V7  (  T»  .  VTN1637)  FRCT  ?0 
H  NFN5IQ'-  A1  (13)  ,47iU  I  .  A3  (  ID  .  A4(  13)  ,  AS  ( l  3)  ,  AM  13  I.  A7<  13).  »9(  HI  -►SCT  AO 

1  as i m , aic(  m.Mii  ni.M?iiM,AniMifAHin(,A!sini,AiMni,  frct  40 

2A1  7(1  ?  )  ,  AIM  (1  A  I  ,  AIOI  13),  A  201  131 .  A21  I  131 .  42  21  131 «  A?  3(  13  1 ,A24<  131.  FPCT  SO 
3375(131, A/MMi.A’TIMl.A  7  9(131,  A?  0(13|, 439(13),  A3  1(13), A  32  <131,  FRCT  AO 

4  A’ 3113). A  34 (13), A75(l  3 1. 4  36 1171. A3  71  13), A38{  13). 439(131, 44  0 <131,  FRCT  70 

5  341  (I  3  )  ,  A47  (  |M  ,  443  (  l  3  I  .  A44I  l  3  >  ,  A45(  1  3) ,  A46(  1  31 , 4471  13)  ,  A49(  1  3J  ,  FRC  T  30 

634 9(  !  ?  I  FRCT  00 

rOUIVM  FNCr«V7FJIl  I.FTAJI  l,  l,  1  1  »  FRCT  100 

FO.M  VAIFNCF  (VTMl  )  ,  A1  (  1  )  >,  (  VTNl  14  )  ,  A’(  11)  .  (VTNl  2  71  .A  31  l  1  ).  FPCT  110 

1 (VTNl 431 ,  44(1)1,  »VTN  ISA)  ,  A5(  1)  |  .  (  V’7|(  6M  .  A6  II  I  )  .  (  VTN(79  )  ,  AT  (  1  I  )  ,  FRCT  120 

2  IVTNI92I  .  Afllll). (VTNt 10S ). AO  I  111 ,1 VTNl  1191 ,4101 11 ) , 1 VTNl 131) .All! IFRCT  130 

311  . IVTNI  144)  .41 2  tl M  .1 VT\( IS  7  I . 413 (11  I  ,  I VTNI 1701 , Al4( M I . < VTN1 1R3JFRCT  140 
4, A1S(  1  I  I, ( VTO| 10M , Alfcl  11)  .( VTSC7CO)  ,A1 71 1 ))  , (VTN1227) . A131 1 )  I .  FRCT  ISO 
s  (  VT*|(?3S  |  .  A)  7>|  1  )).(VTN|749).  47  0(111,  tVTN(261),4?l(  i  I  I  ,  (  VTN I  2  74  )  ,  FRCT  160 

6 '22 1  1  1  1  ,  I  VTM2R7I  ,42  3  1  1  I)  ,  (  Vt'll  TOO  1  .  424  1  1  1) .  (VTNITI  T  1,  42  SI  1  >  1  ,  FRCT  170 

7tVT,li32M,'?Ml  ll,IVT-||3TO|,A?7(m,|vrMTS?l,»23ll||,IVTNI36SI,  FRCT  130 
8  320(1  )  )  ,  (  VTMJ79  1 . 4301  1  )  )  ,  (VIU1301  1.A31I  111.  I  VTN I  4  94 ) . A 32(  1 1  )  ,  FRCT  100 
91 VTNl  <•  17 ) ,4?3|  1  )l  ,( VTN( 4T0I , A34 ( 1  I  1  . ( VTN(443  1  , A3S(1 ) 1 , ( VTN( 456 1 .  FRCT  >00 
1  A  T  S  (  1  1),  (VT  H  (47,0  1 ,43  7(  1  )  )  ,  <  VT.NI  4921  ,  A3RI  1 1  1  ,  I  VTNl  495  I  ,  43  0)  1  I  1  ,  FRCT  210 
?(VTN(  5(1  3), AAOdll, I  VTN(S>1),  44 1(1)1, IVTNI5  34  1,442(11).  (VTN  154  7),  FRCT  2  20 
34  4  3(1  |  ).  {  VT.N(  560)  ,4441  11  >,<VTn(S?3).A4S11>>,(VTN(596>, 446(1  I  )  , I VTNFPCT  2  30 
4  (  5  °  0  1  ,  44  7(1  )|,(VTN(6l7),448(l)l,(VTN(6?5),A40(ll)  FRI.T  240 

04 T A  A 1  /0.00025, 0.0007,  0.0014,  0.3323.  0.0067,  FRCT  250 

1  0 . 0 1 1 s ,  0.C71,  0.  037,  0.  046,  0.  357,  0.  0615,  0.  063S,  0.0775/  FRCT  260 

04T7.  47  70.0007,  0,007.  0.0039,  0.0065,  0.01S0.  FRCT  270 

1  3. 02?.  C.C79,  3.04  2  .  0.0445,  0.054.  0.0675,  0.069,  0.0775/  FRCT  730 

')ATA  A  3  /  0.0026,  0.0073,  0.014  ,  0.01  3  ,  C.02.3,  FPCT  290 

1  3.034  ,  C ,  C  3  F  , ,  0.0435  ,  0.054,  0.053,  3.064,  0.0695,  0.0775/  r»CT  300 

04T4  44  /  0.0077.  0.017, G. 023,  0.077,  0.035,  FRC1  310 

!  3.04,  0.C44,  0.751,  0,0565,  0.0605,  0.066,  0.071,  0.0776/  FRCT  370 

64TA  A5  / 0 . 0 1 9  ,  3.Q2R5.  0.034.  0.037.  3.044,  0,048,  FRCT  3T0 

l  3. 0*  ,  0.046,  0.  06,  0.  0635,  0.  064,  0.  0776  ,  0.0775/  FRCT  340 

’  A  T  A  A6  /  0,0715,  0.032,  Q.  03  7,  0.  0415,  0.0475,CR0T  350 

1  0.061,  C.0S4,  0.06,  0.0635,  0.066,  0.07,  0.073,  0.0775/  FRCT  360 

.  04TA  A  7  /  J. 0245,0.  034,  0.04  ,  0.0435,  0.05,  FRCT  370 


1  0.064, 

0.0665 

,  0.06’ 

,  0.0655,  0.0675,  0  ’71,  0.374,  0.0775/ 

FRCT 

3RD 

OATS  AR 

/O. 3002,0.  0006.  C.O 

,  0.397,  0.006,  0.012 

.FRCT 

390 

1  0.C19, 

0.036, 

0. 047, 

0.754,  0.0645,  0.0 

0.077/ 

FRCT 

400 

9ATA  44 

/ 0 .0906,  1.007,  0.3'. 

0.0065,  0.015.  0.024, 

FRCT 

410 

1  0.073, 

C.043, 

0. 05? , 

0.0575,  0.0665,  0,072 

,  0.077/ 

FRCT 

470 

DATA  A10 

/  0.0027,  O.OOhl.  0. 

314.  0.019,  0.0285, 

rttc  r 

430 

10.035,  0 

. C39S , 

0.05  1  , 

0.057,  0.061,  0.069, 

0.0775,  0.077/ 

FR  C  T 

440 

Ot  TA  All 

/0.0066,  0.015,  0.071 

.  0,075.  0.034,  0.04  , 

FRCT 

4  50 

1  3.0445, 

0.064 

,  0.06, 

0.064,  0.064,  0 • 0 ’ 3 , 

0.077/ 

FRCT 

460 

9ATA  412 

/  6.017,  0.0775,  0. 

029,  3.C345,  0.043, 

FRCT 

4  T  0 

l  0,349* 

0.06?, 

r\  r\c  n 
»/•  v  /  ’  r 

0.  0*  1  0»  u  ?0» 

0.073,  0.077/ 

Fft  C  i 

4  9  U 

OAT  A  413  /  0.019,  0.032.  0.039.  0.0415,  0. 05 , 0. 054 ,F RC T  490 


l  0.056,  0,061 , 

0.  064  , 

0.067  , 

0.075,  0.075,  0.077/ 

FR  C.T 

5  00 

’A  I  A  A  1  4 

/  0. 

021,  0.0335,  0.041,  0,0455,  0. 

053  . 

FRCT 

51  0 

0.056,  0.059, 

0 . 06  4  , 

0.068, 

0.0T,  0,073,  0.076,  0.077/ 

FRCT 

520 

0  A  i*  A  A  1  5 

/.  10016, .00055,0.001  1  ,0.001 9,  0.0059 

.0,011. 

fp  ft 

530 

l  0.016,  C . 0  3  3 , 

0.042, 

0.049, 

0.07,.  0.068,  0.075/ 

tpc  f 

540 

0  A! A  A  1 6 

/.  JG07 

,.0Q2U  0.0043.  0.007.  0.015, 

0. 023, 

FPCT 

550 

1  0.077,  C. 034, 

0.  04 6  , 

0. 057, 

0,067,  0.07,  0.075/ 

FR  F  T 

560 

DATA  417 

/  0 

.0013,  0.0053,  C.01.  0.015.  0. 

0255. 

FPCT 

570 

1  0.03  4,  0. C  3  7 , 

0.  04  9, 

0.  054  , 

0.059,  0.066,  0.073,  0.075/ 

FPCT 

590 

r>ATA  A 1  8  /  0.0046,  0.011,  0.019,  0.  024,  0.  O' 7 ,  FPCT  690 


II  -O.Oli.  0,944,  0,06?5,  0.067,  0.061,  0.Q68,  0.074.  0.074/ 


9ATA  A19 


0.^047.  o.oi7,  0.025,  o.oi,  9.94?, 


10.04*1,  0.C52.  C.  06,  0.C64.  0.064,  0.07-j,  0.074,  0.075/ 


'14  T  A  4  7  0 


/  0.0.4,  0.026,  0,004,  0.04,  0.049, 


1  J.C54.0.C4A,  0.061.  0.067,  0.060,  0.071.  0.075.  0.075/ 


-l  4  T  A  4  2  1 


0.019,  O.O’A,  0.014,  0.041.  0.04?. 


1  0.057,  0.06,  0.064,  0.065,  0.07.  Q.074,  0,075.  0.075/ 


9  4  7  4  4  ?  2 


/. 00014, .00046. .001  ,  0.001  7,  0.004,  0.01, 


1  0.016,  C  .014,  0.04,  0.046,  0.050.  0.067,  0.071/ 


*,S  T  6  4?1 


/0. 00064,0. 002.  1.1019,  O.0.'ir.4.  0.014, 


1  0.021.  C.C26,  0.019,  c.046,  0.052.  0.062,  0.065,  0.071/ 


04T4  474 


0.0017,  0.1C49,  0.009.  0,014,  0.024, 


1  0.031.  0.016,  0,047.  0.053.  0.047.  0.064,  0.0695,  0.073/ 


1474  4 ’4 


.0.141,  0.01,  0.017,  O.l'l,  O.OH, 


.C>9,  0.043,  0 . 9  4  7  •  0.054,  3.061,  0.O,>6.  0.07,  '•.071/ 


14  14  A  > 6 


/  0.  107  4  ,  0.0  15,  3.324,  0.07  9,  0.04, 


l  0.046,  o.CSl,  0 . 05 ’ ,  0.07.2.  0.064.  0.  065,  O.J'1  ,  0.  073/ 


14  14  A  7  7 


0.0145,  0.07<,,  7.011,  1.  019,  0.044, 


l  1.C53,  C.C 46.  0.062,  0.064.  0.067.  0.07.  0.072.  0.073/ 


14 T  4  A  74 


/  0.016,  0.077.  0. 0355,  0.041,  0.06?, 


1  0.056,  0.059,  0.064,  <7.067,  0.06.4,  0.071,  0.073,  0.  073/ 


1  4  T4  c  1 1 

1  0.004-).  0.01.  0.075 
f  1  4 1  4  410 

1  0.014.  0.024,  3.014 

147  4  4  1[ 


/.  7001  . .  309  >  7, .0005  5 , 0 . 0009 , 0. 00 ’ 9 , 
075.  3.736,  0.043,  0.054.  0.062,  0.068/ 

/.  10044  ,  .001  1,  0.  0076,  0.0044,  0.912- 
014,  0.044,  0.046,  0.057.  0.063.  O.OaB/ 

/O. 001,  0.0079,  0.1056,  0,009,  0.0185, 


1  0.0248,  C.C1.  0.042.  0.0485.  0.353.  0.06,  0.064,  0.068/ 


1474  477 


/0.1014,  0.0045,  0.0085,  0.011.  0.074 


1  3.012,  0  •  0  7  6 ,  0.04  7  ,  0.J51,  0.  157.  0.061.  0.  065,  0.C68/ 


94  TA  4  1) 


/0.011H,  0.0091,  0  .01*  5,  C.021,  C.-332  . 


1  0.018.  0.C47,  0.052,  0.056.  0.06.  0.064.  0.066,  3.068/ 
9.474  *14  /0.0  351,  <J.i)t/,  <1.0746,  0.01,  0.  14, 

1  'J.C4A6,  O »  0  ‘  l  ,  0.058,  0.961,0.  063  ,  9.  164  ,  0,067  ,  0.068/ 

947  4  /  7  5  /0.H  7,  0.07  7,  0.3795,  0.015,  3.0455, 

1  3.061,  0.085,  0.091,  0.061,  0.066,  0.067,  0.068,  0.068/ 


1  *  7  4  4  14 


/.  -3C0O5  ,  .0001  4  .  .0002  7  ,  ,000  V 5  , .  00  1  4  , 


1  3.0327,  0.CC46.  0.013.  0.3?i.  0.029,  0.042,  0.052,  0.083/ 
94T4  417  /.  1001  ■»  ,  .00347,  .00085,  ,0014.  .0044, 

1  O.CC64,  C.C11,  3.9245,  0.012.  0.037.  3.0455,  0.353,  0.055/ 

941  4  419  / ,  1004,  .  -001  7,  0.0974,  0.004,  0.01). 

I  0 ,  C  l  7 ,  P.C21.  1.0>45,  O.O’O,  3.0476,  -3.048  ,  0.08  16,  0.084/ 

941  4  4  19  /O.  PC'  1  5  ,  0.0  347  ,  3 .  3  C  H  ,  0.012,  0,071. 

1  0.029  ,  *1.031  ,  0.0195 ,  9,0^3,  9,07,5,  0.050.  0.0535,  3.  355/ 

-1&T4  4  VO  /0.C014,  0.0(384,  0.914,  0.  3198,  0.91. 

1  9.016,  9.04,  0.046,  9.C48,  3.049,  0.051,  0.084,  0.055/ 


'/  T  4  44  1 


/0. 018.4,  0.011,  9.32.  0.0.-8.  0.317* 


1  3.  347,  6. (.48,  0.  040,  0.  05,  0.C5?,  0.0575,  O.O64,  0.955/ 

9474  .447  /  9 . 09  7  1  ,  -9.015,  0,073,  O.O’,  0.04, 

l  '3,048,  9.  C4'i,  0.051,  C.057  ,  0,0  /3  ,  0.384,  0.  355,  0.  958/ 

9474  A 4  1  /.  300 Ji , . O0OC9. .  30 31  0 . . 9001  , .  0909  , 

1  0.0010,  O.P03.  9.000,  0.016,  0.971.  9.017,  0.045,  3.051/ 

9-\TA  644  /.  0  30  !  ,.09076,. 00058,  .0004.  .0079, 

1  0.9,-167,  0 .  Cf  9? ,  0.021,  O.O’O.  0.  014,  9.  041  ,  3.  04  7  ,  0.  951  / 

>  A  7  A  445  /  ,  10976  ,  .  90074,0 . 3  3  1  8,  7).  1  374  ,  0.  037?, 

J  3.013.  9. CIO.  0.028,  0.  0)8,  3.019,  ,1,946,  0.348  ,  0.051/ 

',474  ‘46  /9 .  C  0  0  54  .  0.0016,  O.OOH,  0.  C082,  0.  014, 

\  -9.  022  ,  9.0765,  9.017,  0.04  ,  0.04?,  9.3466  ,  0.049,  0.361/ 

9  4  T  A  A  4  7  /O.'Oll.  0.  1916,  0.0049,  0.011,  O.O’l, 

l  0,070,  0,9175,  9.0195,  0.044,  0.  0, 7.,  0.  0495,  0.  050,  0.051  / 


FPCT  600 
FPCT  610 
FPCT  620 
FPCT  6’0 
FPCT  640 
FOOT  650 
FACT  660 
FACT  670 
FRCf  680 

FACT  top 
F 8  FT  700 
fpct  7] 0 
FACT  72  C 
FACT  710 
FPCT  740 
r«7f  750 
FPCT  760 
FPCT  770 
FHfT  780 
Farr  7,0 
r  40  T  8  30 
FOfT  8)0 
FACT  320 

F  *>  C  T  810 
FOfT  840 

iprr  1150 

FACT  960 
FPCT  870 
FPPT  580 
FOCT  890 
FPCT  900 
rp/T  910 
r on  920 
FPCT  oiO 
FHf.T  04(3 

fact  *7  50 

ForT  9*,0 
FACT  970 
FPCT  989 
FACT  999 

rocnoio 
F  A  C  T  1  0  1  0 
F»r  T  1029 

FACT  1019 
FAfTl 040 
l#ri 1050 
FACT  1060 
F  »  C  T  1  0  7  0 
F«f T1080 
FACT  1090 
FAC T 1 100 
FAT  TU  10 
F  A  r  T  1  1  2  9 
FAC.  T  ll  10 
FRFT 1  I  40 
r pci  1 1 80 

FCPT 1 1 60 

fa r  r 1 1 70 
r  »cti ino 


n&T  A 

1  0.0? 95. 
9ATA  A  49 

1  0.011 i 

TATA  AC 1 

l  : . r-6. 

.  OAT/  uC? 
I  / 

OAT  A  AO? 
*F  (lii  .  FO 


/O. C  Cl 5,  0.041,  0.  COO.  0.012.  0.0205, 
C.C33,  0.04,  0.044  ,  0.3465,  0.040,  0.0505,  0.051/ 

/O.OOia.  0.0052,  0.0004,  0.014,  0.0255, 
0.035,  0.04?,  0.045,  0.047,  0.05,  0.051,  0.051/ 

/l.f-8,  3.E-8,  6.  E-3  •  l.F-7,  3. £-7.  fc.£-7, 
3.F-*  6.F-6,  l.F-5,  3.F-6,  l.E-4,  l.F-3/ 

_  _./5„£r7,  Uf-A,  S.£-J,.4.ErS.  S.E-5,  .5. £-4,  1. 


/II. 32.  IS.?,  17.9. 
.  0. )  nr  TO  ?40 


19..  21.19.  27.13,  100./ 


FRCm  <40 
FRC7 1200 
FftCTl?  10 
FRCT1?20 
FOCT1230 
F9CT1240 
E-3FRCT12S0 
FRTT 1260 
FRCT12  70 
par r  t?flo 


IFJC2.C0.0.)  CC  TO  ?40  . 

on  too  1*1,7 

.  11  100  J»l,7  . . . .  .  . .  . 

1FIG1-AG1(131)  4  3 «  6  C  >  6  0 
40  IF !Ct .IT . AC1 n  n  CO  TO  70 

r.AU  THintCl  ,U7U  ,J>  ,Ar,l  ,FTN«1  .  i  .  J»  ,  1  31 

7;  in  irn 

60  ')i  n  ,  j>  ,ftNi  i  -< , : ,  j> 

go  to  ton  _  - 

to  >•/ 1 1 , j  >  =  rnot  Air.r.iFTM  i ,  i ,  jn »t  Ainr.ir  tn( ?,  j ,  j j  j-Aioc.iMNd  ,  i 
t  uogi  Act .? ) ;  -  nor.i  ac)  n  1 1 1  ♦l  uocir.i  i-aloci  aou  n  )  i  > 

ICO  F  INTINIjr 

on  ?C0  k  =  1 ,  7 

tF (03-403 (7  I  I  140,160,  160 

140  IF  (  C3.LT.  AG3<  1  1  I  Of)  TO  170  _  . 

'"All  T  (.1/(0  J  ,V?(K  I  ,  AG3.II2  (  1  .4  ',71 

on  rn  2C0 
160  v/  (  Y  )»l/7  (  7,K  I 
OJ  re  200 

1  TO  V/  (  K)  Ml/  (  1  ,K1  -  (  U/  (2  ,K  l-U/(  1  ,*(  1  /  (  A 03  (2  I-AG3  (  1  1  1  *1  A  03  (  1  I  -  G  3  I 
IF  <V2<t).LF_.0.0»  V/U)«l.E-S  -  ■-  - 

200  FONT  1 N1  / F 

tc  (C2-AG2I  71  1  204.206,206 
204  ( r i r.? , i. T.An?ii))  no  to  ?o? 


FP  CT 1 290 
F  R  C  T  i  3  00 
fOC1 1310 
FRCT 1320 
FRO  71 330 
F6C  T 1 340 
fMf.T  1  350 
FSf T1300 
'RCT 1 37C 
J)))/ (FRCT1 340 
*■4071390 
F»CT1400 
FRCT1 4) 0 
Far  t  l  <,?o 
FRC1 1430 
F»r  ri 440 
FQ  C  T 1 450 
FPCT1460 
FRC  T1 470 
F»c T 14R0 
FRCT 1400 
FRCT1500 
F«CT 1510 
FR  CT 152  0 


FALL  TIIK.1G2.FR3, AG?, v/, 7) 

GO  T  p  710 

206  F.3  3*C»PlALPG»v;iM)FlAlOG«y?.(m- 
1G?  (  61  >  >*  (  ALCGI  G?  )-Ainr,(  AG2  (6  n  n 
on  Tp  710 


FRTT1530 
FR  CT 1 540 

4U1GI  Ml  16)  1 1//  ALUM  AG  21  7)  1  -  ALDG  l  AFP  C  T  1  5  5  0 

F»r.T  1  560 
FR  C  T 1570 


73  7  r<n*  FXP(  AlPOCV/C?  I  I  ♦  (  AUiG(  V2U  I  1-U0C<  V/  (  ?  Ml  /(  At  0G(  AG2(  1  I  1-41.00  <  AFPCTl  580 
1G2(2I M*< AlOCtO? I-ALCG(AG?1?  1  I  I  I  TRC1  1590 

2 10  6Cnr  =  Ai nci  (  R 3  i-o.  149*(  At  no:  ror  ,  -  ai  nr  •  30. 1 1  fpc t  iaoo 

rco£«rxPirccc »  frct)61o 


243 

260 


GO  TO  250 
FC()t*0. 
r  INTI  AO? 


FPC7  1620 
f  (!  C  r  1  6  3  0 
Fp  C  T  1640 


3  F  f  UP  *1 
CN0 


rPCT1650 
FPCT1 660 


L  (10 


SuaRfUTUiF  TLU(  A,B,CjOj.N> _  ..  ...  .  . 

TLUt 

10 

oi^FPjMnN  t  m  ,r><  l) 

T1  U* 

20 

•FIN- 111, 2,3  .  _  _ 

TLUt 

30 

1 

a»3. 

TLUt 

40 

00  TO  100  ...  . 

TLUt 

50 

? 

a=o(  n 

TLUt 

AO 

on  to  too  .  .  .......  .  - - -  .  - 

-TLUT 

70 

) 

aL  *  1 

TL  UT 

80 

TLUt 

90 

a 

IF  (  PD-MI.-1  1  15,15,9 

TL  Ut 

uin 

Q 

a-iMu»aL)/? 

TLUt 

110 

t>  1  C (1  » -C « 2)  111. 2. 10 

TL  u« 

120 

_ 13 

IF IC(M)-A) 13,12,14  - -  -  --  - 

TLUt 

130 

1  1 

ip|A-r.i'nm,u,H 

TLUT 

140 

12 

9*0  (  *•)  ...... 

TLUT 

1  50 

03  tp  IOC 

TLUT 

1  AO 

13 

au*a 

TLUt 

170 

CO  TO  fl 

tlu» 

l  50 

14  Ml.  »P  -  ...  -  .  .  .  . 

TLUt 

190 

r,n  :n  a 

TLUT 

200 

1  5 

a-3(«i )  ♦  t  ripu i-om  j  »•(  i  a-ciml  1 1/ 1 c i  aui-c(*n  in 

TLUt 

210 

103 

op  Tt'OM 

TLU* 

??0 

C*jf) 

TLUt 

?  30 

a 

9 

10 

1 1 
i  2 

1  1 

14 

15 


VJ9P0UTINP  T,(,M4,P.,C.PjN) 
OI'IENSIPN  f  (  1  )  ,n(  n 
r  *  n.  •  i  j  i .  2  . 3 
n*o. 

tn  to  i  oc 

a.nni 
GO  TO  100 
at  *  1 

iMuiHMi-n  i5ti5,Q 
•1«  (  «U»Mll/2 

mm i-r(2t)ii.?, io 

IF  (Cl  Ml-A)  13,  1  2.  1  4  _ 


IP  (  4-r  (M)  H?,  1 2, 14 
S  »  D  t  h* ) 
on  TO  1 30 
au  =  p 

r,n  to  .0 

'll  *  M 

oo  to  a 


1  *  £  XP  (  Al  OGI  0  (  PI  I  )  ♦  (  A 1  Of,t  D  I  HU  )  1 
1  (tAL%(f|MUI)-AlO0(f.(*ll)IM 
ICO  RFTOPN 
PNO 


Al.OGI  01  ML  )  )  )  •(  (  ALOGIAI-i 


TLUG 

10 

tlug 

20 

TLUG 

30 

TL  UG 

40 

TLUG 

50 

TLUG 

60 

tlug 

TO 

tlug 

80 

vur. 

90 

TLUG 

100 

tlug 

110 

TL  UG 

1  20 

TLUG 

130 

TLUG 

140 

TL  UG 

150 

Tl  UG 

160 

TL  UG 

1  TO 

TLUG 

1  8C 

TLUG 

190 

TLUG 

^00 

•  1  »TLUG 

210 

TLUG 

220 

tlug 

2  30 

TL  UG 

240 

ZZl 


APPENDIX  II 

FORMAT  FOR  BALL  BEARING  COMPUTER  INPUT  INFORMATION 


COL »  ITEM _ _ _  _  ..  __  _ 

NO. 

1  -To  NU M*ER  OF  BALLS 

_ PALI.  TLAMfrTPii  _  ]N, _ _  _  _ 

21-30  PITCH  0 1 AMFTFR  -  IN. 

3 1 —40  CONTACT  ANGLE  -  DEG. 

'41-50  OlJTPR  RACE  CURVATURE  FACTOR, 

51-60  INNER  RACE  CURVATURE  FACTOR. 

~6T-T?i  CHANGE  TTTTnTFRNAI.  CLEARANCE  (♦  IK  INCREASED!' 

__7  1 -SO  _  _0_l  AME  TER  OF  mi  nor  I  C_Au  cage  POCKET  -  IN. 

I- 10  _YOUMC '  5  MODULUS  EOR  CAGE  -  PS  I. 

II- 20  P SISSON'S  RATIO  EOR  CAGE. 

21-30  YOUNG'S  MODULUS  FOR  PALLS  -  PSI.  IF  BLANK  PROGRAM  ASSUMES 
JqooAAAO,  * 

31-40  POISSON'S  RATIO  FOR  PALLS.  IE  PLANK  PROGRAM  ASSUMES  .25  , 
"41-50  "YOUNG'S  MODULUS  EOR  PINGS.  -  PSl.  IF  BLANK  PROGRAM  ASSUMFS 
290PO000. 

51-60  "POTSSON'S  RATIO  EOR  PINoS.  IF  PLANK  PROGRAM  ASSUMES  ,25  . 

61-70  Ball  MATERIAL  DENSITY  -  LR/!N**2  . 

rr^ETcr  ci  iE  ee  i  nr  wt  TSF^si'ro  i  ng  '  friction  of  ball  in  pocket. 

"1-10  'COEFFICIENT  OF  sliding  FRICTION  OF  CAGE  ON  PILOTING  SURFACE. 

1  1-20  width  OF  CA!,.  -  IN. 

71-30  "C.  D  c  OF  cage  -  IN. 

3I-4D  C  A  Gr  -  IN. 

TV  0.  OF"  OUTER  R I  NCj  -  IN. 

_51-60  0.  0.  OF  INNER  RING  -  IN. 

61 -SO  l  e  Av  F  PLANK 

"1-1C  PRESSuRF-V  I  SCOSI  TY  COEFFICIENT  of  TFiC  LUBRICANT  -  I  N**2  /LB  .  " 
11-21  TEMPERATURE-VISCOSITY  COEFFICIENT  OF  LUBRICANT  -  /F  DFG.  ' 

~7TzTrT  vTsrflsT t y  of"  luBTu'CanV  -  L'p-'sfc7Tn‘>; . "  '  ' 

31-40_  INI.FT  TFMPFRATURF  -  r  OFG. 

41-50  THERMAL  CONDUCTIVITY  OF  LUBRICANT  -  TTU/E  DFG  -  HR  -  FT. 

61-60  DENSITY  of  LUBRICANT  -  L  D*  SF  C**2 I N*  *4  ' 

6T-?0  PROOORT ion/ TF  INCPEMfNT  for  THE  VFLOCITy  of  the  RACF  IN  Y 

DIRECTION.  SKI  TO  .05  [E  LFET  BLANK 

71  -SC  PR0o7M?T  rONATFlflCREMCNf  FOR  "THE  VELOCITY  OF' 'thE'  BALL  IN  THE  % 
_ DIRECTION.  SCT  TO  .05  IF  LEFT  PLANK 

1-10 _ PROPORTIONATE  INCREMENT  COR  ANGULAR  VELOCITY  OF  SPJN. 

SET  TO  .1  IF  LEFT  BLANK 

.  LL:  7  P  -  p  R  O  PC  R  T  I  p  lh£BLiiLiU-LuB.  rOSLXACJ  ..JLO  AD  S  C-t  -.05  IE  BLANK- 

21-30  tolfrancf  on  x<  n  ball  center  coord’naiE.  if  plank  program 
_  -  ...ASSUMES.  1  .E-6 

31-40  TOLFPANCF  ON  X(2)  BALL  CENTER  COORDINATE,  IF  BlANK  PROGRAM 

. s-jmfs  i,f-6  .  .  . . 

41-50  TO  L r  PANC  F  ON  BALL'S  ANGl.’LAP  VELOCITY  ABOUT  X.  rF  PI  ANK 

_ PROGRAM  ASSUMES  ID  PPM. _ _ _ _ _ _ 

51-60  ’■dlfRANCF  ON  BALL'S  A  MG'  'LAP  VCLOCIIY  ABOUT  Y.  IK  nlAf.iK 
P  IOGP.AV  ASSUMES  1  D PM , 

61-70  TULFRANCF  ON  BALL'S  ANf-ULAP  VELOCITY  ABOUT  2.  IK  BLANK 
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_ PROGRAM  ASSUMES  *>  RPM. _ _  __  _ _  _ 

71-80  TOLERANCE" ON  DEFLECTION  oLONG  X  -  IN.  IF  BLANK  PROGRAM  ASSUMES 
I  .  E-6  _  _ _ 


6 _ 1 -K  TOLERANCE  ON  DEFLECTION  ALONG  Y  -  IN.  If  BLANK  PROGRAM  ASSUMES 

’  '  l.E-6 

_ _ _ 11-70  TOLERANCE  ON  DEFj.EC_r.ON  ALONG  2  _IN.  IF  BLANK  PROGRAM^  ASSUMES 

l.E-6  "  "  ~ 

_ 21-30  TOLERANCE  ON  ANGULAR  VFL OCITY  OF  CAGE  -  RPM.  IE  BLANK _ 

PROGRAM  ASSUMES  ,5  RPM 
31-80  LEAVE  BLANK 


7 _ 1-jn  RPM  OF  OUTER  PING. 

11-?D"  'RPM  "OF  INNER  “ING. 

21-30  THPuSt  LOAD  -  L B . 

3l-V>  radial  LOAD  -  lp7. 

Al-s°  MI  sal  jr-NME.MT  ABOUT  Y  -  IN/IN. 

s l-6?i  "“estimate  or  iSfflfctIon  along  x  —  in. 

61j-70  ESTIMATE  OF  DEFLECTION  ALONG  Z  -  IN. 

PufTcH'  ? .'  I c  bearing  when  Running  with  boundary  lubrication 

COULD  BE  EXPECTED  to  have  'INNER-RACE  CONTROL'.  IF  BLANK 
- PTOGW'ffM  A"S'TWFK~TPXT  KOTHTP^T? ACF  CONTROL1  “WOULTTTJn  ST.  ‘  _ 


TTOTT5  TI  DUN  ADDITIONAL  LOAD  CASES  WITH  THE  SAME  SYSTEM  REPEAT 

Capo  NO.  7  FOR  EACH  NEW  LOAD  CASE 


— ro  run  new  lubricant  properties  with  same  bearing  place  one 
blank  after  last  card  no.  7  and  read  in  new  card  no.  b 
- TT‘SE0.~ - -  ‘  •  ‘  ~  • 


TO  READ  NEW  BEARING  SYSTEM  PLACE  TWO  BLANKS  AFTER  LAST  CARD 
NO."  7  AND  READ  IN  CARD  NO.  1  ET  5EO. 
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APPENDIX  IV 

ROLLER  BEARING  COMPUTER  PROGRAV  FORTRAN  SOURCE  DECK 


COMMON  ALPHA. AL3,  BETA.  C  12  I  ,  C  AGEO  M  2  I  ,C  ACEM.C  AGENT .  CLC  AGE  (  200009  TOO 

XI. CCRNFR, CP, CZ, CPI. CZ1,  D.DP0P.DENS,DENLU3,DF  LZ  .DELI2I  ,  00008  300 

XPFOEL (2 ) ,0eYWXI2 ),0FPDMt2 I . OF  1 DH12 ) , DFPW  X£ 2 L, 0' ZWX 12 ).  OOCOB9QO 

X*,Fl.eo.  PL  AT, Ft  4T02.FX.F 8 Aft V,E D , EC , E» 1 2 » , FP 1 2 ), FZI2  00009000 

XPV12.  Fon.FP12.FZll.  '212.FILH.FFrf  11,  GAH.GASctGlT.G2T,  00C09»00 

XHF.HHH,HP(?l ,  HMNl ,H*N2 ,HHN( 2 ! .HNRACI21,  ISVS,  ILOAO, ILUB, ISIGN,  00009200 
X'QUIT,  JPA  5? .  KPLT.KP4SS.  NUN.NUMY,  ONEDCP.  00009100 

X0HEGAE.CHF1 .rwfGAX.CMXt.OME*.  PO . POCK F T , P t LOT ,P0CC LA ,  00009400 

XPXC21  ,0P1  (91  ,  RADIUS, R1NGDI  12 )  .RINGY.M.ftOXYM,  00099500 

X»  INGPR.P'ILLPP  .AHM.PPPI  21.POT.pF  r,P(  9*  ,  STR.STSI9)  00009600 

CO^Hn  TGTl  tTCL(4»,  fOTLOZ.TI.THETA.rriPO.TORK,  VHN|N, VI  $,  vr  INC,  00009TOQ 

XV| si, VY( 2  » . VI  <C 1 11 . V5S.VI2I ,  XHLH  . XMASS.XTM.XTREM.XN,  00009800 


00009400 

00009500 

00009600 


ITER,  NQLOaQ, 
PR (9,2,501  , 
XF2.XTPH12.501 


.  —  XYF.YNUN.V  INC(2,50I  00009900 

rnrrrv  CPH.CLGECf,  0XF?,06LT A, DRAG,  F y 1 ( 2, 50 1 , FP 1 ( 2, 500001 0000 

X1.F21(2,501  ,FHH(2,50I .  HQR.MH2.501,  ITER,  NQLOaQ. 

XFMFGX  (AT  I ,  °(2,50|,DPP(9,2,50I,PH,  PXOUT ,  RR(9,2,501» 

X<STS(o,? ,50< ,SPH,  VEPT.VY 1(2,501,  XFZ. XTPH( 2, 50 1 

COMMON  /C(-E(.  ,  1  V 
n! HENS  ION  WORD ( 2  ) 

PAfA  WDRC (1  I ,H0«n(2 * /4H  PUT.4H  IN  / 

_ _ ISYS-3  _  .  . . _  _ 

F ( l  1-1  . 

F(2I  «-l. 

<Vj  TO  5 

6  WHITE (6,450 1 

5  »r»OI 5,1 01 XN.O.F ,T0Tl,FIAT,CQRNER, RADIUS,  DROP 

jFixM^EO.a.israp  _ _  .  . . .  . 

10  FTHUTfUFTT  | 

.  NliH-XN 
TLOAD.D 

__  I  L'JP*  0  _  .  _ ... 

ISvs* ISrS ♦! 
r.A«-D/E 

PFAOI 5, 101GAGF.PP.P I NGO I ( 1 1 .RTNGOl  2) .CAGE9I  (1 1 • CAGEOI (2 1, POCKET 
_1FAGEW.RINGVH.R0LI  VH,R1NGPRtA0LIPR,  XMUl  »C  AGEW  V,  OF  NS  >  VNUHL(  TTH 
2»,A«1,4I 

_  _TF(  DENS.  FO.D. 10ENS-.  28.9  _ _  _ _ _ _ 

iFiroCai  .Fo.o.  jT oni  i». oooooi 

_ »F<  TOU  21  .FO.O.  I  TCI  (21  -.0000005 

(F(TOl  ( 11  .EO.O.  )TOL  (  11-1. 

TF1T0L(5HF0.0.(TCL<4)-.1 
C  tql(  H-THLOl*.  1047198 

_ TOL  (4  1-TCH4  I  •  .  1047199  _  _  _ _ _ _ _ 

fFrXHUl.FO.O.IXHOl-.l 

TF( VN'H.EQ.O. ) YNUH-S.  _  _  . 

MIMV-VNIM 

_ r  A  L  L  PC  »LC  (THTn  Fl^AT  ,  CAGFj_R  AOIUS  .  DROP  I  _  _ _ 

f  XN  -  NO.  OF  ROLLS 

C _ [1_-_»CLL  ct**  -  JN _ _  _  _ _ _ _ 

C  F  i  PITCH  HI  A.  -  IN 
C  TOTt  •  TOTAL  LENGTH  OF  POLL  -  IN 

C  fi»t  •  l  ENGTH  of  FIAT  PORTION  OF  poll  -  in 

c  rOPNFR  •  CORNER  RATIOS  OF  P0Ll_-  IN.  _ 

(’""RADIUS  «  CROWN  RADIUS  -  IN 
(  _ DROP  w  DROP  OF  ROLL  CROWN  -IN 

C  GAGF  -  DISTANCE  FPOW  FNf>  OF  ROLL  'f'  CROWN  CROP  RCFFPENCE  POINT 

<  -IN 

(  ■  p.,  .  riANfr^AL  fi  eapancE  -  !*»  (♦  if  Rearing  iSinosci 

c  «inudt::i  »  i.n.  of  cufer  ping  -  in 

(  R INTO  1(2)  •  0,0.  of  INNER  PING  -  IN 

C  (  ir.FnHi  >  »  r.  .r  r\c  rirc  _  ,u _ 

C  CAGEDtl ?)  -  I  .0.  CF  CAGE  -  IN 

(  PQCF  FT  .  POCKET  (FNGTH  IN  ROLl  (NG  OIPFCTION  -  IN 


Rear  ing  is  i  dose  i 


uooioioo 
00010200 
09010300 
00010400 
00010500 
00010600 
00010  TOO 
00010800 
00010900 


0001 1000 
00921100 
00011200 
00011300 
00011400 

00011 WP 
00011600 
000 11  TOO 
.  00011800 
1X0001 1 900 
00012000 
_ 00012100 
00012200 
00012300 
0001 2^00 
00012500 
00012600 
00012700 
00312800 
00012900 
00013006 
_  00013*00 
05013200 
00013300 
00013400 
00913500 
00013600 
90913700 
00913800 

_ 00013900 

00014000 
00014100 
OOoi 4266 

00  01  430-9 
00914400 
_  UUO l 4900 
0031 4660 
00014700 


T  ""  f*AGfw  ■  vIOTH  OF  CAGE  -  IN  (10014800 

C  rinc-vm  .  young * s  modulus  for  «n*os  -  psi  _  00014000 

C  "•?!  L YH  •  VOTHIG'S  nONiuS  TO*  ROilS  -  RSf  o06l5o®o 

t  0 }  18', r P  «  POISSON’.:  r.ATJo  FOR  RINGS  _  _  _  0001?  100 

r  -  ROLLR»  ■  POtSSON’S  sYFToTFn#  ROLLS  00015200 

C  C AGFW V  •  WEIGHT  OF  CAGE  -  18  000J530O 

c - VHU1  >  COEF  F I C  fPliiT-fTT'  cOULOMfl  ~Fr ICY  I  OK  FOR  PILOT  SURFACES  '  00815400 

CLAYP?*,  6*FLAT  _ _ 80C15500 

tfr  L02«.S*T0U-CO«N£R  -  -  -  00015608 

R’.H»S0RT(R4CIUSe*2-FlATP2**21  00015T0Q 

® FAD  «>,?01  ”  .  "  00015800 

20  *nrn»ATUHl,79H  _  00015^00 

j  “  t\ K , T9H  00014006 

1  »  00 'll  4 100 

'«!TF  ff,,  201  00016200 

WR  I  Tf  I6.3CII  SYS  _  00016300 

37  ‘  FfiAKATI  TOM'!  DESIGN  DATA  Fos  BEARING  NO.  ,131  03016400 

w®  IT  E (6 . 40 1  00016500 

40  eo«M»rtH>»0  NO.  OF  «OLL  FITCH  TOTAL  FL800166W 

1*T  CROWN  C»OWN  GAGE  DIAMETRAL  .’.0.  OF  OD016T00 

2  P.D.  f)F/lHH  ROUERC  OIAMETFR  DIAMETER  LENGTH  80014800 

y  FN4JTM  rPPR  RADIOS  POINT  CLEARANCE _ OUT  ERPIOODliROD 

‘4L’G  ‘INNER  RING!  0001 7000 

WTI TE (6.501 XN.O.F.T OTL, ri AT , DROP, RADIUS . GAGF , PO, R INGO II  1  I .A  I  *:0l  <  200017100 
t»  OOUT20B 


-50 — FJ3RMA.U  IP!  IEL2-.41 _ 

WR  ITEI6, (.01 

03  _  FC1RMAI  (128H0  0.0*  OF 

1NCE  P.KKFT 

.  -26  R*r:n/i2<iH  cage 

3NF  R  CLEARANCE 

_ A _ ROLLS! _ _ _ _ 

"IU1T«1, 


1.0.  At 


70 


75 


CAGE 

W10TH 


CAGE 


_ _ _  _ _  _  CO  117330 

00^ 1 7400 

-  T«i_Q5 _ CAGE/RING  C  LEAR  AOOCl  7600 

YOUNG’S  NO OULUS  POISSPN’OOOiTtOO 

__  PILOT _ OUTER  I N00D1 7700 


P  INCS 


R0L1S 


R  INC-6 


0001TB00 

_____ _ _ _ _  _  QpDl  TQQO 

0011 8000 

-CAGE0K2II.lt.  A9S(RINGDllll-CAG60HimPlLOT.2.  OO018100 

POP  18200 
0001 8 ‘30 
0001 6400 

-ODomoa 
00018600 
OCO 18700 
OOCI88OO 
OQ 018 900 
03014000 
Q 0319X00 


IFIABSIRINCCII2 
6  UT-fMLOT 

Cl  CAGE  a  I-AeSIRINCPim-CAGEDHU) 
Cl  CAGE <21  «»BSIR  I  SCO  1 12  I-CAGF0M2  1  ! 

-KRJCfc*  WPR  01 5PLJJ _ 

prcciP-POCRET-n 
IF1PINGYN.EQ.C.1PINGYM»29.E6 
’FIROLL  YM.EO.O.  (ROLL  YW«2<J.E6 


JFJRINGPR.ECJl.lP  INGPR-.25 
IF  | ROLL  PR. E  0.0.1  PCM  PR«.  25 

-XLS-^16  61 SL8_t  ULl^-RXtlllPX*  *21^8  LNGYlIlt  ll.-RCLLPR’^iyRQLLYMI 
WRITE (4.701 CACEOI U 1 .CAGED I ( 2  I , WRP, CL CAG E( 1 I.CLCAGEI 2 1 , POCC I. R, C ASEOOOl 9200 


80 


1WJ»  INGYH.ROLLVU.Ri'NGPR.ROLLPP 
FORMAT! lP2E12.n,3X,A6,  3X,  1P8FI  2.4» 
WRirttt.751  . 

F0RNATI43H3  '-R  IE  TI  ON  MATERIAL  CORNER 

1_E. _ ,-OENSiIJf _ _ RADIUS. _ HEIGHT  1 _ 

WRITEC6.50I  XMU1 , OENS ,C CP NER , C AGE WT 
XMASST D* *  2*  TO  ri  ePCflS/A  91 , 9  79  T 
PEADI6.ro  ‘ALPHA, BET*. V  IS . T I , FH, UENLUB 


C  AGE/46  H 


00019500 
0001  9400 
00019.500 
COF00019600 
00319700 
00319800 
000199giO 
00020000 


_ If  IAXPHA..U^O.JG£LI(Lj!l _  ...  - 

UU8eILUB*l  00020200 

S _ -6X5JHA  ;_EfXXSllR£-yiXCQS.liy  CQIfflCXENt^J7t**2ZLB- _ _  .  00020300 

l;  BETA  .  TEMPERATURE-VISCOSITY  COEFFICIENT  -  1/IOEG  F»  00020400 

C  VIS  -  VISCOSITY  AT  INC ET  TEMPERATURE  -  LB*SEC/IN*e2  00020500 

C  TI  ■  INLET  TEMPERATURE  -  PEG  F  00020600 

r  r%  .  t,|Ecmal  CCNDUCTIVITT  -  BTU/IOEG  F»  /  HR/ FT  00020TOO 

c  1  FNL11  *  -  l.UeR  I C  ANT  PENS  IT  V  -  LB  SEC»*2/IN»*4  00020800 

_ RL  AO  IS  .  id  *  _ _ _  _ _ _ _ _  , -00020900 

90  FORMAT!  IH'J.  79H  00021000 

_  .  )  .  30921100 


Z28 


W«ITr<ft,81»  00  021200 

__8I  EOJUIATLIN  yiM__/lH  -/-La  71M  /iR  y2Jtna  LUBMCAbr  FRQPEMJES)  Q002UM 

W8ITf|6,90I  00021*00 

_ *61 Tg 16,821  ALPHA _  _  _  _ _  .  .  _ .AO  021AM 

02  fORNAT(*OmO  PRESSURE-VI SCOSI  Tv  COEFFICIENT  ,1  PI  Ell.*  I  00021*00 

_ *!!LlTE-i6, 811  BETA  .0002’ TQQ 

M  fOKMTUOH  TEMPERATURE -VlSCOStTY  COEFFICIENT  ,IP1E11.*»  00021*1.0 

_ «R.U£.lfi.4T!7LlS .  . 03Ct2I?Q© 

8*  F0RRATI*0*  VISCCSITV  AT  INLET  TENPERAUIRE  ,1P1F11.*I  00022000 

MHTEt*t8si rt _ _ _ _ _ _  .  _ -flaaaiiea 

85  PORP!ATI*Oh  INLET  TENRf RATURf  ,lPlEll.*>  00022200 

_ _ MiaTEJOiBtlFR  00022300 

86  POHNATIVOH  THfPPAl  CCNOUC T ! V I Ty  .1P1E11.*)  00022*00 

_ «A|TEi£,8YipiNLUB  COO2250O 

8T  F0PMATI*6m  LUBRICANT  DENSITY  ,  1PIE11.*I  00022600 

115  _AFAfH5,  lflIILPHI  11-.8PMI2I  .FBAJt  V.PQT  .DUEDCP  .VEINf  .Hf  _  _ _ _ _ 00022700 

IT( I8PM(1».E0,0.» .ANO.ISPNI 2 J.EO.D.) )G0  TO  80  00022600 

_ lLQAD»tC£LAQ»J. _  _____  .  .  00022900 

WK1TEI6. I201ILCA0,! SYS  00023000 


120 


c 


FORMAT! 26H1  INPUT  fiATA  PQR  LOAD  NO.«I3,13M,  BEARING  NO.,I3/3*HO 
l#PP.  OF  RPN.  OF  R  AO IAL /33H  CUTER  INNER 

2*01 

•FIVE  INC. E0.C.1VE INC-. CG25 


00023100 
L000023200 
00023300 
’  00023*00 


00023500 


IFIMF.EO.-0. IMF-.OOOOl 

URTtTi  aTBOTh Pirn  ) » «P8(  2K  F8A8  V 
M8 I TF 16, 7551 ) 

7551  FOBNAfllKl  . . 

WRITE (6. 7530 lOwFPCR 

7550  FORMAT ! I  ft  |  7HPFBC  ENf  CAGE  SLI  P,  lPlEiS.*) 


00023600 

000237QQ 

00023800 

00023500 

0002*000 

0002*100 

0002*200 


PPNI1  l-BPMIl  1*. 10*1156  0002*300 

niPSRTT-rSPl?!*. 10*^138  —  -  000  2**00 

OHFGAE-.5*(PPPIl)*ll.*GA«l*PPN(21*Il.-r.A«ll*ll.-ONEDCfl»  0002*500 

~iPiONFDnr,Ea.ir.iaNFt)Cft-,  i*obe6ae  '  . .  -  ocoj'.Wo 


•1MEGE  -0**EG  Af 


TlNf^  A  E  BEG  a  f^o  *£  Ot  P 


ISION-l 

BEV-O. 

IF(POT) 121  ,123,121 

Tit  *Fv2#  OTV.  TO*  f  \  off - - - - - 

WP  t  Tf  (6 ,1  22  I  PCT 

122  FORMA  Til  6H0  LUAO  POT  ATE  S  AT,  1>1 61 1  ,*',*««  PM I 

_ GO  Tn  |25 _ _  _ _ _ 

123  KRI IE  <6 , 1 2*1 

1 2*_  F08"lTI21H0  LOAD  IS  STATIONARY! 

125  “FP-J.  /  m  IhGPR  »»2  l/RlN$VMi+(  /ROLL  VN> 

the  TA-I TI-32. 1/1 .8 

VI53«vR"«E*PiBEfA*|  TI-86.iT 

PL3-AI  PMfc*9K>.*Al  PHA-IT  1-8  6  .  t/(  5*6.  •(  T  I  **(,0,  I  J 

~S1  T^Vt~S3*T  AlPHA/A  I3l  *V.  6 •  I V I  S/ V  I  S3  »•*.? 

C.2T-vIS3*8FTA/(  1^728*^8)  _ 

flMw-T.58  *^A1  RmA**  ,fc*v  rs*«.7.fp— .03 

IPlKD.r.T.O.  IOEt  7-OEL2*.5*PD 

- 1 1710 — “ - ~~ -  ~ 

TrjRO-O. 

T0P F  -  -0. 0  . ~~~  . . .  . . 


0002*700 
0 132*800 
0002*900 
7^1323006 
00025100 
00025200 
00025300 
00025*00 
00025500 
00025600 
ju-i;  5_T0p 
OP f'  '5800 
00025900 
C0026000 
00026100 
O0r'67OO 
00026300 
00026*00 
00026500 


CNE1-CHFGA& 

T26  ’  FD-PT 

IQut  T,.'’ 

T  OR  0- T  OR* . 

TriRK-O. 

nn  130  r. «  i ,  2 

VY(K)-.5»CF*CIB 1*0)  'IRPMI8 l-OMEGAE) 


00026600 
30326700 
OOC 26800 
00  O’ 6 9 00 
OOP. 7000 
COO 27 100 
00C2V200 


7.29 


"HO  P0-FOf/25*CLCACE  (iO*TOTL*BENtU&*(  IN<50((X  )4CA6eo t (X  I  >  *OM£GAE  00027300 

1 (••2*fl*eGA£/A8S<0"EG»E I  00027400 

•x345$*.A»r*flNTeAfr**}:  "  _  - <5602/456 

_ IV.*_0 _ 00027600 

— CALL  NOCON  0002T700 

?FeiV!132,13?,131  00027800 

1 11  WAT  TF  f  i  ,  8001 1  "  - . . . -  - 00027900 

8001  FrjRMATfix,  »OM**HP  fKCEfOfO  1.0E2  IN  NOCCN**l  00028000 

«C  TP  115  00028100 

132  f>gL2».C05«0  00028200 

f  IF  I  I0IM7 II 43 ,140,115  "  . .  '  P0^283W 

143  on  240  ITge-1.15  00028400 

vti’C. .  -  ^oo?e4oc 

- - — TXf  7,0. - 00028400 

N0LOAIV*0  00028700 

_ _ DC  23H_Jsl,NlJM  _ _  _ _ _ _  _  ...  _ _ 000268QU 

l°ASS-J  00328900 

- XJ--  000290QD 

PM|-6.283185*1XJ-1 . 1/7N  00029100 

- C£HmCQilPMJ-S _ _ _ ...  _ _ 00020200 

neiT«»oeL2*CPM’-.8*PD  00029300 

—  ..  DEL (1 )-  •55»26LT  A  _  .  _  .  00029400 

3cL(2l«DFLYA-OFl lit  00029500 

_ 00  200  _l.T8l-»-13  .........  _  _  __  -00029600 

t  f <  OEL  (2  1-1  .6-8  1141,141,  142  00029700 

141  _Ngum-MQlQxQ±J _ _ _ _ _ _ _ _ 00329800 

0 ( 2 , J  1-0 •  00029900 

_ GO  JO  230  ..  ._  _ _ _  .....  .  ...  00030000 

142  00  190  8-1,2  00030100 

- R»lSl*t _ _ _ _  ...  _ ...00030200 

145  CALL  «CLL  OOOJOIOO 

- IF-t  HUH  111-72  «-lZQ-»I5P _ ..._ _ Q00  30400 

150  MRITFI6,1601J.IT,1TFR,K  00030500 

160--£QKrAt(9t«rAIM  143.414)  00030600 

C  r. o  to  H5  00030700 

-llil - JFJ-PA.IK  11131, 171*  172 . -00030800 

171  «M2,JI«0.  00030900 

_ NULOAD-NQLOADlI _ _ _ _  ...  ....  _ _ .Q09310QQ 

on  TO  230  00031100 

.1/2  JOQ  1.10  l-l.Nl.NY  .  ...  00031200 

PR(l ,8, j  ).ril  1  00031300 

_ ttWLRiJ.ls»ia] _ _  ....  .  _ _  000314M 

189  SSYSI l ,8 , J| -STS (LI  (10031300 

_ XTlUflJIUJl-XIRF.il _ _ _ 90031600 

P(K,J t-PX(K)  00011700 

190  fONTINUF  .  ..  00031800 

PSI !--P(  l,Jl*P(2,Jl»FC  00031900 

. .  *1 --OFOEI (1 1-DFDEL12 1  .  ._  JQ0032000 

X1-PSI1/X1  00032100 

OF  I  1  1  J--9F1  t  11-JM _ GCDZZZQG 

opt  (2  l-nflTA-ntl  (1  I  ~  00032300 

_JF(A8S(Xl]-TCim)220,20Q,29O  00032400 

209  CONTIMJF  00032500 

.  _ MRI TE  16*2101.1  -  _  _  _ _ _  ..  _ 00032600 

210  FORMAT! 9H0KAJN  200,141  00032700 

.  _  —GO  TO  1.15  ... _ _  _ _ 00032  8  00 

229  r>E  T  —  OFDEl  |  II  -DFflll  (2  1  00032900 

_ PP20E  L"  -0F06L 1 1 1  /D£  7  _ _  ...  .  .  .  _  _  _ 0003)009 

YE7-»F2*P(7, JI*CPH  00333100 

...  .PXF/-XXF2tCP2DEl«PFJDEUI2)*CP>t*»2  _ _ _ _ _  .  _ 000D20U 

230  rONT|W!lE  00033300 

_ XI  »JX/2-F2itRKJ/nXFZ _ _ . _ . _ _ _ C90334QO 

np  L  7»n£ l 7-Xl  00033500 

JF(  485!  XI  l-l.'TOUl)  1255, 240, 240.  _  ..  ..  __  _  _  0003i600 


ZiU 


2*0  CONTI  Ml* 

.  __wejTF(A,2?01  *1 

250  FO«*»T{<W0NAIN  2*0,1*16) 2. *1 

C- _ Gfl  JfXLJ.15  _  _ 

c  255  OMFGE  »ONf G AE 
_255.  TafiN.O,  ..  .  _ ...  .  .  . 

TflRK-o. 


00033700 
*0033800 
00033*00 
_ 00014000- 


0003*200 


_ Memo. _ _ _ _ _ _ _  _  0003*200 

V6RT-0.  0003**00 

_ no  310  J-J.NUN  00*3*500 

IFCPC2,J) 1310,310,2551  0003*600 

25517J.J  _  _  0003*700 

°HI-6. 2831*5*1 XJ-1. ) /XN  '  0003*500 

_ M»H»5JN(PFJ2 _ _ _____  _  _ 00037*00 

rpH«cnV(W! )  -  -  00635660 

OH6GA3- 1BPMQ l-nwC0AFl«<f»O|/Q  0003*100 

•JPASS  »J  '  ‘  00035200 

NO  26*  TT*0  ,30  _ _  _  _  00035300 

rpt>c»*ABS <0*FGAX)  '  "  00035*00 

C71«C7*OMEC.Ax  00035500 

"0  761  K.1,2  "  '  .  '  00035600 

_MM»AC «K 1«0.0 _  _  _  _  0003*700 

xpASS.K  . .  -  . 00035800 

NO  26  0  1-ljKUNY _  _  ,  _  _  00035*00 

*ll  r-RIUUK,  jf  00036000 

PP| It  I *PPP<1 ,6  ,  J!  00036100 

_2 63  STSIU-SSTSU.K, jV  '  ‘  "  00036200 

CALI  TP*r  _  _ _  _  00036300 

26f  ''ONflMlC  .  '  '  00036*00 

TE*P.Fy<] 1*FY<7I-Fn  00036500 

'lM«'i~  .  ....  . '  . .  ‘  -  00036600 

I  F  { TENP.I  T.0.01  IH«2 

MPTH-MF  '  '  . . .  "  00036700 

HP|?1«MF 

7.0  26?  — .  -  .  0003  6806 

7  ALL  *0f  *1  N (  I H  I  00036*00 

PS  ll«6PMi'»-A65ITENP) 

OPS  11 H«nFpnn( 1  HI  00037100 

Tf*?i»Ps 11 /OP SI1M  ~  06037200 

MP1IH  l-MPHHI-Tfwpi  00037300 

-~TMhP(1)  .Gt.i.0P2ICa  to  *000  ■  00037*60 

1 P  (  HP  (  2  1  « G*  *  1 ,0t  7  IC.P  TO  *000  30037500 

C.O  >0  >650  .  .  '  00037600 

9000  WllM&jlSCOI. _ _  00037TQ0 

7500  T6ATU*,2iH*»HP  PKCFEOfO  1.0C2**»  ‘  ~  '  00037800 

'  mil*  00037*00 

2680  A8S(  T.  1P1 1  „LP.  t6K2HC.ft  "TO  26*  ~  . .  "  00038605 

767_CflNT  IMUE_  _  __ _  _  _  _  _  _  00038100 

WR1 tf <6,2631 J  "  00038200 

263  FOPMATf 1 X.9W0MA1N  262,131  30030300 

C*  GO  TO  115  '  *  00038*00 

26*  »S1 2- (Fr 111 -FT C21-F71 IH|)*.5 *H  00338500 

nM6WK*-r)FPMK(  tM)/OPPOH(  1H1  ■66030666 

_ r>PS  12 W»  <  nfYWX  <1  1-QFVW»<  2  )j-0F2WX(  1M»-0F70H<  1H1»0H0NX>  »,5*D  00038700 

TFMP«P$12/0PSt2W  00038800 

OK  EGA  X« OMEGAS— TEMP  00038*00 

1 F 1 ABS ( T  f KP 1 .if  »T  CL  1 3  I  1 GO  TO  300  -----  00039006 

265  CONTINUE  00039100 

«RITF(6,266)J  ”  '  600 3*256 

266  foonAT(1X,*LF1MAIN  265,  !r  0003*300 

C  CO  to  115  0003**06 

_3**  ?F<  1M.E0.11HP1 2)*P0CC18-MP< II  _  _ _ _  00039500 

t  F  <  :m.E0.2)HP11  1-.P0CCIB-HP  12  1  . .  '  "  0003*600 

*0  305  *■!,?  00039700 

FyI  I*  .  _•  *-<w  «*  1  '  ‘  0003*000 


Z  51 


_ mutjj uepjju _ _ _ _ _ .  _ 

*21  tX.Jl  -F  ?  (  K  I 

_  VY1<  K. Jl  «Y(KI  . .  .  . 

«i  tmix, ji-hmracix  ) 

Hit-..  > •  -«H'  '■,)  .  _  . 

10',  fONTTNUE 

_ (WEGXIJlaCNECJLl  , .  _ 

»;-CUHI*|fP(  tH)*f.PH»FZC  tH)  •$«>«» 

.  X2*C(  IM 1  *«  FPt  1M*SPH-F211HI»CPM1  _ 

HnR*HOR+Xl 

_VERT*VEP  T*X2 

TOPX-TORXAC (  !H»*tfP(  IHHe*FZHHlRP0CXET»*.3 

3lQ...X0»mNUE  _ _ _ 

VEl«,(ftPM(xR|.Tl-CMFGAFl*fi!NGOI  (KC'lTia.9 
*MI/P-XMU1«VEL/ABS(  VEL1 
Xt  •-Y*,UP*VF®T  4HTR 


... _ mdasmti 

00040000 

_ODC4010Q 

00040100 

001140100 

00340400 

_  000405 _ 

0004040Q 

-02040700 

00040400 

_ M 0404 DO 

0C041000 

_ Q  00  41 100 

00041200 

.  .0004000 

00041400 


— 120 


X? » XM.UP *HCRf  Vf  R  T  _ _ _  _  00041300 

ANG-ATAN2I XI , X?  I  00041400 

r.AGFrf  «C4Gf  MT»BEV»«?«r.LfAGf  IK  Pt  T  1/772.4 _ _ _ 00041  TOO 

PN*HPR/t  XMUP *CP  * (  ANG  I  ♦  S I  Nt  ANG  I  t-OACECF  00041000 

PRAG-O.  00041900 

PQ  320  K«l,2  00C42000 

AREA*  3.  141593*P  INGDf (  Kl  •  t  C./GE  N- TOTt )  ..  .  OQ342100 

V El • ( »PM  (X  t -CHFGAf  t*CAGf 0| ( X  I*,  5  00042200 

DRAG*  CRAG t.  CO II* SORT  1  SORT  I Y1S4AASJ  /EL  1**7-*0EM1UB*JJ/1^5*CLCAU£1X1U _ 


1  1  «VFt  /ABM  VFl  >*APt* 

’•ORX-TORXAtXPUP*(PH»CACrCn*ORAG!«CAGEO>tRPlT}*,5  .  ..  _  .  .  _  00042300 

T900  FORM»ttlX,  9HMAI..  RPC' , 14 ,1 P5F13.51 


C  T0L  t  3  1"  .001 

C  »F( ARM rp«X  i-TCl <511 390. 390, 3  33 

C  110  JFIT0RK1SH.2UUS33 _ _  _ 

C  311  ONfCAF-OMFCAF-CMtOCR 
C  GO  TO  126 

C  313  nMFOrR*0MFOCF/3*0 
C  T  UHK*  TURC 

C  r-er.Ar-cnXGf-CPFCCR 

L  MU  TF  16. 7500111  .OHEGAE.nf'El  .OHEDCR,  TDRJL.  TORO  . 

C  GO  TP  1 24 


FOR  10 AD  N0.,I3,12H  BEARING  NO., 131 


390  M»lTEt6r.2000) 

20^0  FORMAT  < 1 H 1  I 

*R1TF(6, 400111  OAO,  1SY5 

AO*'  FQRMA-M2TH  OUTPUT  CAT* 

,MRITf 16, 4101 

410  FORMAT ifcOKl  PEARING  RPMOF 

.  1 1  LOT  1 

WR I TF  <  6,  420 1 

.420  FORMAT  I60H  ..E1ACTICM  CAGE 

tt  PAP) 

_ flHFGAE*DHEGAEj/.»  1041141  .  - 

TpMF.(RPM{ll*(t.»GAM)«RPM<2l*U 
rrup.( Tt MP-CMEGAf )/7£RP*lD0, 

MR  TTF 16,4  30  1 XF 2 , OMEG AE , TgMP , TOR X , PN 

4  30  cnRMAT(io2ti2,A,0PlF9,2,3X,lP2.H7.4) 

HR  I  TF  (  6.  4401 

440 _ FORMAT  t  32K0  L'UTPUI  Dili  XQJL  MCE.  CJ3HIAC  Til _  _ 

WR|  TF  1 4 , 4  50 1 

450  FrjRMA  Till  5H0  ELEMENT  EIEMC  NT  CONTAi  T 

lOMRRrGSlVF  STRESS  pattern  EXTRFMITV 


PERCENT 


CAGE  SLIP 


-gam ) 1/. 2094396 


TOKOl* 


OOOAJRQD 
00043900 
00044000 
00044100 
00344200 
CAGE  P00044 300 
00044400 
00044500 

ON  CAGE  NDA'IAL  00044600 

00044  TOO 

_ 000  4.4800 

00044900 
00044000 
000451  00 
00045200 
00043300 

_  ..  _  .00045400 

00045500 
CC0045600 
0004  5  TUO 


LO*i> 

SI  IP  VELOC 


MEAN 

I  TV) 


2  12 


*6" 


4»1 


4m 

*<n 

501 

4\n 

414 

4?? 


551 


445 

440 

461 

464 

5  71 
450 


591 


_ _  ...  _ _ M3£l.l0ft 

NU*«6ER  A7!*t)Trt  OUTER  INNER  OUT00045900 

OUTER  INNER  OUTER  INNER!  00146000 


WP|TF<6,4fcO  ( 

FORPATIil  t'm 
lc«  INNER 

OO  490  J-l.NU* 

TF(P( 2, J) 1490,490.470 
XJ'J 

PNI«460.*I»J-1 . )/XN  _ 

44TSI 9, 2, Jl •.7863942* 54 TS | NUNY.7, J  I 
5STSI9, 1 , J  l-.7f«3SB2*S5TSI  NU*V,1 ,JI 


00046100 
_00046?00 
00046300 

_ 00046400 

00046500 
00046600 

WRITE  16, 440  IJ.PMI.P I l,  J),PI2,  J  I.SSTSI9,  1,J  »,  SSTSI 9,2,J|  ,XTRN*  1,JI  ,00046700 


l  YTRWf  2  ,  J  I  ,V¥M1  tJI  ,V71I2»J>_ 

FORMAT! I7,5X,1P9F]2.4) 

CONTINUE  _ _ _  _ 

IR| NOLOAPI 41 4,41 5,400 

IT«»  . 765  39  62  *5TP 

WPI  TE  16,410  t  RKPI  IT  ,$T  R.RTM.VJ': 

F0R»AT(12M  THE  REST  ,12»,!P1EU.*.12« 
1  1  PI  FI  P.4  » 

WOJ  TF 1 6 , 4?0 1 


00046800 
00046900 
0004J7000 
00047100 
00047200 
00047300 

1  PI  El  2. 4, 127,1  PI  El  2 -4, 12*. 000 47400 

00047500 

00047600 


ELEMENT 


NIN.  E 1 1  N  THICKNESS 


NUPPER 


outer 


I  NWER 


OUTER 


600 

61  1 
420 


64n 
6  4'J 


rORM  A  T| 56H0 
1  1 

VOI  TE  (  6 ,  “  30 1 
fom*J  t[  ».  7h 
1  °l 

in  440  I « 1 , NUN  _ 

*F(P( ?.J 1 1550,550,540 

WRITE(6,460  )J,E|.1*4ll,J|,ri!NI2,JI,E»lU,JI,RVU2,J» 

EON T I  N|)E 

tEINPI 0*1 1 5# 5, 564, 460 
WP|TE(6,640  IEIL**,VE 

up  I  Tf  (6,4  71,1  _ 

FIRM  A  I ( 3  4F0  OUTPUT  OAT*  FOR  POCKET  CONTACT?) 

W5  I  tf  (6,660  ) 

FOR M*  T{ 9*m0  EIEPFNT  ppw  OF  NORMAL  POCKFT 

IUII  PnCKFT  |.1»f  H|n.  FILM  THICKNESS) 

HR  f  T  F  (  4 , 490  ) 

F0PH*T(o?H  NUMRJ^R  roller _FfTPE _ *et 

JF  ■  AFT  '  "FORE  AFT) 

in  610  J-l ,NUP 

*E( P( ?, J ) )#13,E) C.6O0 

r.MFG*  IJI«CMEr,XtJ  )/. 2047198 


TRACTIVE  E0RCF000477OO 
00047800 
00047900 
INNE00048000 
00048100 
00046200 
03146300 
00048400 
00044400 
00048600 
00048700 

_ 0004JI800 

03144900 
00049000 
T  ANGENOO 049 100 
00C49200 
00049300 
FQR30Q49400 
00049500 
00049600 
03149700 
00149800 


LOAD 


UR  I  TF  14,4601  J.OHFr,  i  (  Jl  ,R»1  (  l  ,  J)  ,EP1  l»  ,  J)  ,E21  I J 
l.Hi I t, J  I 
CONTINUE 

Tr  ( NOlOAn 1115,1 15,620 
HNX I -1MX 1/,104?146 

UR  |  IE  (6  ,6  30  IFRTl  ,  Ff>l  1  ,FP12,F7l  1  ,  E/1  2  ,  WN  1 ,  NMN2 
FORM  Tl  |2*i  tHI  REST  ,1P8F12,41 
r-C  Tf.  116 

rn»"AT(12H  THE  REST  , l PI  E l 7 ,4 , 1 /X , 1 P 1 E 1 2 . 4  I 

CORM4  T(1 HI  1 

FNO 


J  I,  R/112,  Jl,  Mil  1,  ,J  110049  900 
00050000 
00050100 
00150200 
00050300 
00050400 
01150500 
00050000 
00050 1 00 


00050800 


_ I'UflftOUI I  ME  RCAlXi  T071  .FIAT .  G4GE  «_A AO  1 115  , DROP)  .  .  -  00056100 

OOURLt  PRECISION  DR P ,  R 0  HlS ,  cl  T ,  TTL  ,G*G  ,*  1 , 4 2 ,0  SOR  T  00056400 

_  .  ADIUS»R*niUS  00056500 

orp.or.ip 

ELT«EL*T  00066800 

Ul-Tm  00056900 

_ GAG -CAGE _  ...  _  _ _  ._.  ........ _ DQ062OQ0 

lF(R*n?USM0.10,?0  00056600 

lo  *1-1 .5no«m-c*o:**2  _ 

*2-1. 500**1  T»**2  00057200 

PDIUS-OS0RT1 1 {*l-»2-DPP**21 /(2.0O*ORP» )**2**1 I  .  .00057500 

R*0||/S«RC  IDS  00057400 

RETURN  .  _  _  ...  _  _ _ .Q0057J0Q 

20  *l-OSOftTf  R0!U«»*2-1  .  50  1*F  l  Tl**2)  00057600 

.  .  E2-T5CRT  1*0IUS**2-1  ,505*TTl.-CtCl**7)  00057700 

ORP-M-*?  00057800 

pHOP-ORP  00067900 

PFTURK  00058000 

_ EAO  _ _  _ _ _ ._ _ 00  05010Q 


Zj4 


1  3 
16 


-^liS£QUlLHE— £LLL 


Q00582QQ 


rrMMPN  ALPHA, Af*, 

»3 .rro*rp.CP.C7.rPl.C71  . _ t.^qp. 

Xr»rnFt  f 7) ,nc VWX( 7 )  ,9FP0Ht21  ,9gZ9Mf?3  .OFPWXt?)  .OFZHXn  1, 

Xr.  C|  .  ro. _ n  AT  .Ft  AT02«FK.P3ARV.  FQ,-**  *-»*->*  M 

X'-Yi?,F»>ll  ,  E?il  ,F712,F1LV,PFY  (3* , 

XMC.MMH.WPt  73 ,HMM1  ,HMN2.HYN( 23  .HMPflCt  ? 


8FTA, 
.CZ1 
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APPENDIX  V 

FORMAT  FOR  ROLLER  BEARING 
COMPUTER  PROGRAM  INPUT  INFORMATION 


MAIN  PROGRAM 

CAR  0  CCL. 

1  1-10 

11-20 

_ 21^0- 

31-40 

_ 41-50 

51  -60 
_ 6J-J0 

71-30 


1 1-J0 
21-30 
31-40 
41-50 
5W0 
61  -70 
71-80 

l  -To 

"1  1-20 
21-30 

31-40 

41-50 

51-60 

_61-J0_ 

71-50 


1  1-70 

21-30 

31-30 

1 

2-SO 

1 

?-80 

1-10 

n->o 

21  -30 

31-40 

41-50 

51  -60 
61  -80 
1 

2-30 


_ oaoooioo 

ITEM  00000200 

W0,  03=  POLLS  (50  MAK1HUMI _ _ _ 00000300 

ROLl  01A*  -  IN.  00000400 

PITCFL  QU.  -  IN. _ _ _ _ _ _ 00000500 

TOTAL  LENGTH  OF  ROLL  -  IN.  00000600 

LENGTH  OF  Ft  AT  PORTION  OF  ROLL  -  IN. _ 00000700 

RCLL  C ORNFR  RADIUS  -  IN.  00000000 

ROLL  CRCWN  RADIUS  -  IN.  00  NGT  READ  IF  CROWN  ORUP  1500000900 
GIVEN  "  OOOOIOOO 

RCLL  CROWN  PROP  -  IN.  00  NOT  REAP  IF  CROWN  RA0IU5  ISOOOOllOO 

00001200 

DISTANCE  FROM  ROLL  END  TO  POINT  WHERE  CROWN  DROP  IS  00001300 
MEASURE 0  -  IN.  00001400 

OIAMETRAL  CLEARANCE  -  IN.  *■  IF  LOOSE.  00001500 

'in.  OF  OUTER  RING  -  IN.  00001600 

0.0.  OF  INNER  RING  -  IN. _ _ _ _  00001750 

0.0.  0>  CAGE  -IN.  "  '*  "  50001000 

1.0.  OF  CAGE  -  JN_._  _ _ _ _ 00001900 

LENGTH  CF  CAGE  POCKET  IN  THE  ROLLING  DIRECTION  -  IN. 00002000 
WIDTH  OF  CAGE  -  IN.  00002100 

MODULUS  OF  ELASTICITY  FOR  RINGS  -  PS  I.  IF  BLANK  00002200 

PROGRAM  ASSUMES  29, OOCUOOO. _ _ 00002300 

SAME  FOR  ROLt S.  “  00002400 

_P  01  SSON  »S  R  ATI  0  FOR  R  I  HGS.J  F  BLANK  PROG^M  AS  SUN  F  6  OPQQ25QQ 
.25  '  '  "or  002600 

SAME  FOR  ROUS.  00002700 

COEFFICIENT  OF  SLIDING  FRf Ct ION  FOR  CAGf/P ILOT  "  '00002000 

CONTACT,  00052900 

UfiGHTOF  CAGF  -  LB.  '  ”  00003000 

PCtL  DENSITY  -  LB2 I N**3.  IF  BLANK  PROGRAM  ASSUMES  00003100 
.283  '  00003200' 

TCLERANCE  ON  ELASTIC  APPROACH  OF  ROLL  TO  RACE  -  IN.  00003300 

if  blank  program  assumes  .000,000,1  “  00003400 

TOLERANCE  ON  F I!  M  THICKNE SS  AT  ROLL/POCKET  CONTACT  00003500 
-  IN.  IF  BLANK  PROGRAM  A5SUNE5. 000,000, 5  IN.  00003600 

TOLERANCE  on  ANGULAR  VELOC ITY  OF  ROIL  ABOUT  OWN _ 00003 7Q0 

CfNTEP  -  RPM.  IF  BLANK  PROGRAM  ASSUMES  l.  00003800 

TCI  FRANCE  ON  ANGULAR  VELOCITY  Or  CAGE _- JPM_.  _  00003900 

TfUlanx  PROGRAM  ASSUMES  .1  -  -  ~t>6c£>4000 

LEAVE  BLANK.  _  _ _ 00504100 

PUNCH  l  |  NO  DECIMAL  POINT  1  . .  '  "  00004200 

title  card,  write  any  thing.  _ _ _ _  00004300 

LEAVE  BLANK."  ~  ‘  00054400 

WRITE  ANYTHING.  00004500 

PRFSSURF-VI SCOSJ TY  COEFFICIENT  OF  LUBRICANT.  00004600 

IW*«-221B.  00004700 

TfMPE  MATURE -Vl SCOS I  TV  COEEFIC IENT  OF  LUBRICANT  -  00004000 

12*  OEG  FI  00004900 

VISCOSITY  OF  LUBRICANT  AT  INLET  TEMPERATURE  -  00005000 

LB*SEC 2IN**2 .  00005100 

INLET  TEMPERATURE  OF  LU0F  fC'NT  -  DEG  F,  '  '  006C5200 

THFRMAt  CONDUCTIVITY  OF  LUBRICANT  -  00005300 

BTU/IOEG  FI /MR /FT.  0000540C 

LUBRICANT  DENSITY  -  ^  8*5  EC**  22  IN**  4.  __  00006500 

LEAVE  BLANK.  .  . .  "  00005600 

PUNCH  2EP0  00005700 

I0ENT IE1CAT ION  CAT  A  FOR  LUBRICANT,  PtWCH  ANYTHING.  00005B0Q 


/.4  4 


I- 13 _ »pm  of  niTPw  ring, _ oaoi’Ssao 

II- 20  RPN  OF  INNER  RING,  00006000 

21-30  RADlIAl  LGAQ  -  L!U  TEQSIIltfE  -SIGN) _ _ 00004100 

31-60  RPM  OF  ROTATING  LOAO.  IP  LOAO  IS  STATIONARY  LEAVE  00006200 

._  _  BLANK. _ _  _  .  .  ...  . _  _  _  _  00006300 

41-50  FACTOR  WHICH  NULTIPLIES  CAGE  SREFD  TO  GET  CAGE  SREE000006400 

_ QFTBFBFNT »  IF  MAIN!  PROGRAM  AS SLUES  >1 _ _ _ _ 00006500 

51-60  PROPORTIONALITY  FACTOR  FOR  FINITE  DIFFERENCE  IN  THE  00006600 

....  .  .ANGULAR  VELOCITY  OF  AJlOtL  ABOUT  _LIS  OWN  CENTER. _ 00 006 TOO 

IF  BLANK  PROGRAM  ASSUMES  .03  00006000 

Air  70  ATARTLNG  VALUE  FOR  MINI  RUB  fl  LNTMIC&NESS  AT _ 000069QQ 

ROIL/POCKET  CONTACT  -  IN.  IF  BLANK  PROGRAM  ASSUMES  0000700 0 

_ .OGQS  IN. _ _ _ _ 000071 QQ 

71-30  LEAVF  BLANK.  03007200 

.  .  . .  .  .  ...  _  00007300 

TO  RI'N  ADDITIONAL  LOAD  CASES  WITH  SAMP  LUBRICANT  00007400 


TO  RI'N  ADDITIONAL  LOAO  CASES  WITH  SAMP  LUBRICANT  00007400 

..REPEAT  CARD  9A5  REQUIRED  _  _ _ _ _  ..  ._ 

00007600 

TP  RUN  ADD1TI0NAI  LUBRICANTS  Pi  ACE  ONE  BLANK— AELER — 0QCQ77D0 
LAST  CARO  7  AND  READ  CARD  3  ET.  SCO.  00007800 

. . .  .  _  . .  . .  -QOOQ790D 

TO  RUN  NEN  BEARING  CONFIGURATION  P,  ACE  1M0  BLANKS  00005000 

AFTER  LAST  CARD  7  AND  AEAD  CARD  1  17.  SEQ. _  ...  D0QQB10D 

00008200 

00008400 

_ _ _  .  _  ... _ _  OOOOJBIOQ 
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APPENDIX  VII 

MIL-L-23b99-TYPE  OIL  PROPERTIES 
AVAILABLE  FOR  USE  IN  PROGRAM  INPUTS 


The  following  pressure- viscoa  itv  data*  for  Aerosheli  Turbine  Oil  555  is 


typical  of  the  Mil-L- 
the  formulated  fluid 

-23699  class  of 
are  as  follows: 

lubricants . 

Pertinent  properties  for 

The  rmal 
Conductivity 
(3tu/ft  -hr-°F -ft) 

Kinematic 

Viscosity 

_(fs) 

Density 

(e/ml) 

Reciprocal  Asymptotic 
Isoviscoua  Pressure, 

( fpa  i) _ 

100°r  .098 

28.  2 

.  980 

.  942 

2  1  0°F 

5.  3 

.  935 

.  691 

300°F  .078 

2.  4 

.  897 

.  602 

500°F  .07  5 

__ 

provided  by  William  R.  Jones,  Jr.,  Research  Engineer,  NASA 
Lewis  Research  Center,  Cleveland,  Ohio. 
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